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1.0  EXECUTIVE  SUMMARY 

1.1  Program  Goal 

For  half  a  century,  CdZnTe/CdTe  has  been  investigated  for  producing  radiation  detectors. 
Albeit  some  success,  detector  performance  and  production  yield  issues  remain.  Most 
importantly,  the  basic  science  about  the  factors  limiting  the  detector  property  and  production 
yield  was  not  understood.  The  goal  of  this  program  was  to  experimentally  and  theoretically 
understand  these  limiting  factors.  In  addition,  techniques  will  be  developed  to  remove  these 
factors. 

1 .2  Results  -  Science 

In  this  program,  160  CZT  crystals  have  been  grown  to  achieve  the  program  goal.  It  is 
discovered  that  Cd  vacancies  and  Te  antisites  (Te  at  Cd  sites)  are  the  two  major  defects  that  limit 
the  performance  of  the  CZT/CdTc  detectors.  The  introduction  of  Zn  into  the  crystals  is  one  way 
to  reduce  the  density  of  Te  antisites. 

1 .3  Results  -  Detectors 

A  process  to  reduce  Cd  vacancies  has  been  developed  for  the  growth  of  CZT  crystals.  Zn 
has  been  introduced  into  the  crystals  to  reduce  the  densities  of  Te  antisites.  Using  these 
approaches,  CZT  with  Zn  contents  of  0%,  4%,  10%,  15%,  and  20%  have  been  produced  and 
detectors  have  been  fabricated.  The  best  detectors  are  produced  in  CZT  grown  with  10%  Zn  and 
1.5%  excess  Te.  The  resolution  of  57Co  122keV  peak  is  less  than  5%  at  room  temperature. 

1 .4  Future  R&D  Direction 

New  approaches  to  drastically  reduce  the  density  of  Te  antisites  are  desired  for  further 
improving  the  quality  of  CZT/CdTe  detectors. 

1 .5  Introduction  of  this  Report 

In  this  report,  we  put  together  six  papers.  These  papers  were  published  in  five  journals, 
reported  in  eleven  presentations,  and  printed  in  four  conference  proceedings. 
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2.0  TELLURIUM  ANTISITES  IN  CdZnTe 

1.  M.  Chu,  S.  Terterian,  D.  Ting,  R.B.  James,  J.C.  Erickson,  H.W.  Yao,  T.T.  Lam,  M.  Szawlowski, 
and  R.  Sczeboitz,  “Tellurium  Antisites  in  CdZnTe,”  SPIE  Proceedings  (Invited  Paper),  4507, 
San  Diego,  2001. 

2.  M.  Chu,  S.  Terterian,  D.  Ting,  R.B.  James,  J.C.  Erickson,  H.W.  Yao,  T.T.  Lam,  M.  Szawlowski, 
and  R.  Sczeboitz,  “Defect  Engineering  for  Producing  High  Performance  CdZnTe  Radiation 
Detectors,”  IEEE  NSS/MIC  Conference  (Invited  Paper),  San  Diego,  2001 . 

3.  M.  Chu,  S.  Terterian,  D.  Ting,  S.  Mesropian,  R.H.  Gurgenian,  and  C.C.  Wang,  ‘Tellurium 
Antisites  in  CdZnTe,”  Appl.  Phys.  Lett.  79, 2728  (2001). 
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cuitSs-il  by  the  ctir.:>:ns5ttiec.  ktv.een  u  *Vep  f.imt  let  e!  and 
a  slial'  i-a  aeivr-Ha  li".e;.  1 11  jfKHt.  Ki'oiaiincie '*  fnna.-r 
esp.“ine.itti!!y  ;»upet  -ike  Ihr  ;-:tvc|<  mi  l.V  iiee|'  Eer,.d«’f-i 

k-vcl. 

H-;i  i?iis  -.esly.  CXI,,  ./.fi.'l'::  eresti's  *vii.l  1  oi  0. 

O.fM..  1X07.  and  IX.  IS-  vrete  w*it  ler-ramliy  t,-.  mmlnUv* 
Bridj'imr.  actfusd.  i  re  earn  err-.v-.lt.  er.ctis  'IX  t*  irarilXKvi 
niio  iV  itn-rtth  (iii-l-  am-,  ai  the  em:  ;sf  e.-otvlh.  rs-'tdnal  Te  on 
the  vvrfaet-  ol  c-ieh  etwial  tv  nh-rrs-r-l.  Thu*  |vi«,e«.t  b-.svi.-vk 
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Pin,  2.  iVrp  ir.-isr  fcv  »t  .n  !Rci  ia- 

cliat  nu  Cd  mwiiTiaH  ((.VI, I  exist  in  llte  crystal.  The  crystals 
iifie  of  very  high  nuility.  The  typical  etch  pii  dsnrfixa  if'TDs) 
lot  om  and  C«ir. -mTc  aw  w*  ih;  «*r  of  5  -$X  HH 
astl  l-2-x  lO'em'  "..  rcHWTivifly.  The  tslliyrcij  ffinwaK- 
sions  of  the  erysmh  an:  cxttniirocd  -jima  a  funner  truttaforin 
iin'uf..sl  HflKi  «piHfi'.;<ho:arai;iEr  and  ihe  msaoireti  Iran:.- 

'■ip-s-tn  u|  f>S5— fiff*"**  lilt  each  k  fV:ll  :l‘i-  riXCirCliifii 

limit.  Tiic  Te  px-ebit-w  an:  anahvcd  uwiic.  ms  atfitircd  mi- 
crtv,:«!pi?  l  r‘A  T-i  iiicilisictns  are  ...'-ivcrveit  indkaung  very 
:ik-b  iraictial  taiUSCy,'* 

lie  niBKl  irnpnnrinl  tdwervnlim:  wer  in  lie  eiy»l.»1v  is 
Sin;  .•v>  rrtr;:l  pinjvnit;*  of  th«  uvjpciwir  sryvttK  "Rihlr.  I  lints 
the  ircafaiicd  ramllicli-.n:  Ivycs  and  carrier  ciTcertraMonP  •.*» 
rhr  cryst.iU  as  a  rinxtinn  of  I  hr  7r,  credent  In  the  crystals.  At 
H-itt*  Iciti'nlllwr.  IwtJi  Csffif  and  CiinnZtis.y.Te  arr  n  type 
and  have  an  dKirnr.  einremlnnifc  of  the  artier  of  low  to 
J-::-14  fir  '  Hriwsver,  Cdn  -.?A,  |Ts  H  y  type  -irtl  ht*  a 
hull1  rsnM'Cilmi.rat  of  tniil-tCl  \-n  :  at  rcitra  tc:n|-erj!ere. 
Wftt- cot  these  lust  jjronfN,  Cr$**<5,A.|,-Ti;  stir/iv*  in.‘:!RSbtsiti 

results.  fork;  of  t!>:  etvemls  at-  p  Ivyc  attic  nilvs  at.-  it 
rvjv  Sjvan  ir,  rSr  same  crystal,  the  enadcciina  type  is  oat 
isitifi.iRi: 

’fha  resells  in  Tahir  E  hive  been  rvpcaicely  ;eprciduecil 
ard,  ttnis.  air  very  reftahli*  Ir  is  then  very  irjwrt.tr.:  to  ntt 
li  .'.URd  the  irKininj  of  die  cili-rntifkm  sh»wi  ta  Tibte  I.  To 
;ttv cslipale  i'ic  >x Ifirt  uf  the  diSMn  in  CilT*  znd 
Cc.i.,(.jSn,:iUTc.  a  rempcniiarc  ■IcrcmlciK  Hall  m«.iiin*inwi 
tv.ts  m.nv  on  a  simpfe  fnsm  the  av  yrawr.  C.'tffr.  The  results 
air  *tsi-*n  hi  «*i-i  .5.  I  -Slirt.  thr  kvilrati:  %  lyptniloil. 1  ’ 

A- = If 3 -stsji,  Tlh’t ®|  f.VD- N  yfK  1} |V,(  1  i  cx?\  -  K-, IkTi. 

the  tiottfc  Jewel  t»  calculated  hr  tv  0.03  eV.  This,  nlialltt* 
iSntrir  tin  el  is  iAt'ted  In  lire  one  assijnjsrl  ro  C>/*  Of  V3.  lTi; 
vaeareyl.1  '*■  However.  Innvtf  ait  Ihe  CeTc  eitwlh  eomlUion 
ticii  ihffe  tv  rrtidir.il  T«  after  crystal  rrouih  Cd,  and  Vk 
s.mply  i  ar.fi.ir  mio  m  i*w  Csfl’r  e^slaX  T|n-».  ihis  I) (H  eV 
viinitc  lise’  must  he  assipisl  lit  vusm- olherdrlfecs.  Tin'  nies! 
)s«s;iltSf  p.-.ir:  d:  feel  rrmininn  js  thr  tvfipin fa?  ilomve. » 
ihrn  T«  .iric-.i-m,  MielcrU  ti  tit.  'v  uriiiirrffii^1'1  rihsur  ihe  i*xw. 
tern-  ?il‘  Tiy-,i  anilte*  wrii  here.  Ov.nhininp  l-sclcik  ft  «J.S 
rrtnilr  snil  our^.  we  ihrrefon:  assign  ih?  cririr.  (if  the  thr’li.v: 

IIUI.I  I Itnr.'.V.  ■«!.•'.  M  j>  p^«n  IM,  y/fx  lf 

.  1^1  III!  ttjea.  «s0  {no 

fWvK«!  ijj*  v  s  *•  >ri  ,•<  r 

C;f.zt  ll.'tsnv  ll  j:m  1-5.'  lV:  (v  10  '  4  Sjtir 

v  if ft.TJts-  Km  ') 


■joncc  level  0.0!  eV  below  :t:c  eonii-jrlicin  hiiliit  w  lV.'t  the- 
Mildly  iteiirrl  'fts  ent'Otss.  arc!  inviys  ilk-  deep  thir.u;  level 
0J5  «V  befov.  the  (wntetkin  hticd  to  Tc-j’ ,  its?  d,ar>ly 
ionired  Te  aadvitev, 

Te  .t-ntisires  ai  <•  afitmJly  li-  n».  u-v,  inealed  ■£  Cd  vi,:an- 
eies-  One  can  visual:  rv  lr«t  ppciercv  i>r  how  a  OTT  crysial 
heciTtitfi  Te  rich  hy  y-iilLallv  inerenciiiji  tar  'l>  <vvwpKs»i*te 
'oni'Jied  he  tows-  Te-  Its  rhts  |imee-s.  sitvrll  :n-t:!iir<!‘  uf  C‘d 
vacancies  a«  ^v-ncil  llr«l.  As  the  dettsliy  of  t‘d  voriaews 
iwrnte.s  dun  if>  the  h-ehnr  (i<  iwfrvn.’s-ii'V  Te  irinsi.  K-,- a; 

h.  ueettpy  m/siic  of  'lie  vacancy  sties.  A I'ct  hvth  she  Cd  v-j 
.-incie.v  and  Tn  aniitisn  rraeh  she  den-iiivfe:  tleieiinieiirt  :tv 
ih.— iii'ilyiiaiaies.  eienplcve'  -eel'  asH-  |OTbii*.\  arein  V 
farm.  Hence,  whenever  there  arc  Tc  itnsitM.  f!ii  ttuvin 
n“n‘t  *-*iss  Thrit-fi. 'I-  hnl.'i  Te  -rensiies  ;ai:l  Cd  *-  ■  aoivt 
r.visi  in  CJIe  iml  0||MyA:!«Tf  i*ee  Table  11.  Crn-cijncntly. 
lie  meavi!«::  earriet  densiiiit  are  rvv-jltv  ai  er.~t|o;i:si-i-vn 
fceh«fvr  03  'tifitleie-  fiftWriWts1  and  'Ce  antisiles  hSrr»nst. 
The  low  shrnnvr  dhirwicN  for  CcTe  ami  C>.l„.*7n,l)UTo  viip- 
cv  i.  there  me  sBjfVt'v  anev  Te  :i*-tisites  ttmti  -Cd  vxeHiteicS  :n 
Ikes;  crystals. 

The  p-type  ecimiisr.iwt  uf  Cti,  -7a i  Te  m  T.ihi?  I  s>u- 
ce-t-  live  :.:e  Rfi-'tc  Cd  'vtciiitfies  than  Te  anrivies  i:i  she 
rrystil  A  pmaible  cvplnnalkin  fw  the  diffccr.ee  K  taf  .-n 
C<t,.jZii.  ,Te  ami  Ci...2»|1e  with  t  ~(l  and  iftH  is  f>t-- 
when  scldrliimal  Zii  is  iuccvpariU'd  into  Ine  f.’JCT  c-y.'.tlal*.  the 
Ijaice  yi-.im«rr  n  mtittrtsl  sis  a  -rvtili.  ttm  for.-ii.ii-mi  t-n- 
er";,  vt  1e  artKittrs.  if-  hlu'-V  ami  the  deavky  of  Tc^j  vie 
raiawe.  Coenra/sialfy.  the  rryv.nk  have  nttre 

til  eocsKint-v  ihuit  Te  aaiir-ttrs  *i»l  fcet'ertie  p  type  The 
Ci^i  «ti£n>  ,«Tc  eryvf.’.h  U'er'etl  fcrtwivn  ik«  CUT  crysuK 
with  net  ‘.li:ci:iiv  |CdTe  ant:  C'.l.„«/'n„-,,Tei  amt  m*l 
•;Ctl,,^ntl.,TiM  are  snvtply  nAaiinitrno.  ami  nix  tsprciMtciW? 
as  laras  thr  ettndixriwi  lypr  h  ;-«r.eertiet! 

®a«ed  ini  the  aKwe  msdel.  if  <lisv.it  iiajierili'.'s  ar  ehc> 
va  fiV  ,-nntp?wiitifm  in  ;inahxv  lii-r'h  Ksivsh-iiv  C?T  eiys. 
tal>.  fill  ,Zn,Te  wilh  e  valurs  ov-.-i  CWJ?  air  rhs-  ii.si  esark- 
ii»?i.  To  dumemslrati  thi«  .-vah.ei^.  indiesti  has  Kit 
irtnyltieetl  Ji'to  CdmZ-ii,  ,'le  frjslalv.  Ills  rreaths  vh.iv,  tfr.ii 
to  nreihiw  OCTs  »-ilh  aridivities.  <ftm  I  x  JtP  ft -em.  ihe 

i. -»:|tnt*h'l  mdkn;  dopin-;  level  k  miiIv  j-jx  lO'^ew  '  'Ihis 
if<vpln.ji  !evvl  w  rtnVr  cJnse  w  the  ii:t.'nt-ieimfi,i:iii -e  (mre 
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VALENCE  BAND 

I'Hi  *  hnmi  Arr  In*.*  *.*?%«•*  %M 

«iwwjmin  i'-  mvl-ll>'" .  m "  \  which  a«r»  m«irti!  mi 
C'd„jCn-  ,Tl*  and  is  li'i-il  m  l.ihli:  i.  Thr.  n>nll  i%  vmj-iK.- 
ingle  lillfersm  liw,  the  teamtiTt  I  Id  "cm  ’  re:|u.r>:0 
'«  m<»  '*.i:+.  rrsTMivily  CJ«i:  ••"•I  CJ'I  '  l>,*  eXTilana 

M!v-  *iv-  ilu\  •  i!i;  ;i::r<cvfR'B  i.  ilnir  cm  OT  cr-'t.'l1  have  a 
very  ai'Kiu***  j:-1  iVh-.'t  i*i  Cli|**e  ICS  ic  if  :ip  i  xWl'-TO  ali'ildfc 
Utiif  -iW.cc  rvyalts  am*!  il-seiiesmils  csiit  ha  >_inr»;ifi/ccl  in 
.1  vet  j  i'Vi.lr.1  c’rpliiirci.i  hy  Six;  fiirffi;.  'f'ci  ;lu- 

-cr-'"”  yw.irj  in  pis  A  hnr {.,?!>  .u;d  OTT  pisivn  ■.■>■!!*.  mi*s» 
IV. !.  J  '.vranre**  :irc  'lie  >hitl‘«y.  ^c»  Tpiur*.  with  ,ir.  sixer*” 
testrl1'  .*1  1X0?  cV  ihflvc  tk  '.vVc'C  hantl  *'iii;‘;,  -jcmiS  jcc  Tc 
ifiiisitc'.  iia-  ilv  *Iki!  !.;*.*,  .;li)r yl  IJ.U1  cV  tv  Iikv  ’lie 
.  ire  the  ilam-B  itrKfiJR'.  of  V, : it-l  IV, j  ijc~ 
?.  rtih.  i:ii  rise  7jt  ciTSrni  -at  t’v  l  VT  ..i  y  -i.il.  fcsr  t  a  -  Za.'lc 
w  if t*  .in  i  t.il_c  l.'sv  th:i:i  0.07.  Ok  ■  VT  .'rs-tiyl,  it.:-./  more 

IV,  A  'h;:ii  V, ,  -si  fa.*  n  :y(V-  l-“r  fTT  wi'.lt  an  :i  -.iili.c  lyi,*e*- 
:l  jt;  rt||7.  is.-c  tire  •  ■•■.*  V',v  i.fi,iii  f«:r.  ami  lire  cry--:!'-  arc 
/.  iy|:e.  The  siciiHv  iunl'd  Tc  ant**’!!4'-  air*  rite  Keep  ’inn* 
liC.itei!jltl.ycV'  tvl.v..  tic  C,T|;Vuri«*in  Said.  Thf  See.  liiStt 
ikiicii.i  f.  tj,,. ,  !V  :  ?.n  im  c-.iii|x>i!cr.r’.l  f-.n  «-iih  n  '-nail 

■.,!»*»  *f „H  |.|  Mill*  Mil 

R.;iJ‘  iiiijo  .  ett\tsr«  we  •  '%fif»,p:l  .hi  »liee:!  Ircin 

the-  i&liuTn  i!c pet!  rU,.2n..  ,f<  nvn;*  a  -J  -t.luo.l  an  tf 
l’,i«  ;>Mii"  OK  .at  'Mib  ifisTry  v|sec!inr?i  ■iifrcmr.'l  he  c. 
cViert* it  (he  **.>.  h'***  mfiijy  ,a.s‘s  j,.  Tc  js  M-cilax 
<":l  jixI  Tc  •■•-are  call  c’v-nlj  he  atr-ni1  iic:‘  jbb.1  in:  lali 
Vi  Jih  a!  Iv;f'!rajtin".m*  1  FVk'IIM*  **•>  iln?  50.?  .-.'V  c.  -i.  7 
k.f'»  in  iln?  '  Cu  tpccircm  mvn-mivri  h>  she  '•aim-  .l.nr.-»ei, 
Inc  I  H>  ln,*V  |V:ik  IvmiIi*  ihc  l  i'  IwV  peak  is  v.v'l  ir«*!cril 
;mv3  IK*  FWHM  cl  the  I  iwV  peak  i-  J-H.n  \:V  fir  tV* . 
Th.-ff  '■•■aili,--.  .-.*c  -iMiirie.rihlr  f.«  iln*  S*vt  fciv*fl;*.l  .lal.i. 

In  -MPiiiMiv,  ilie  ■iliHW.'jv  >.M  a  'l:a!|tf*  :lr- VI  If* eel 


Chu  «  ii 

cimplrcl  with  ficccile  i*.*  tlr'iifOlTKixn  Vi  flu*  c*.  iv—i.c 
iii  ‘II;  rmkiiiN  Irach  u.  If*  pn:p:«i*  a  very  ‘-nr Tile  i!c‘"c.*r  f  >  «M 
hi  e.v|:l:**n  Ih*  rh<.i*fvi;;l  rlrcSrlul  fowrie*.  oi  Ac  i;;-c!*cpv:? 
a*  *wc1l  as  the  !il"S-ii;M‘lt-.ir,y.  Irsht  'ii  O'" /.I  li; 

tits  C7T  cryiJ.-l'  ,cr<*i*tti  «tt2i  citicTi;.  C>i  tittxzx ‘ts*  utt  ifv 

likiKsnam  sh;:llcw  S-vcpucn  while  the  *.a» -‘I'li  l;.'  Jn- 

ti’C'tf-.  arc  ihx  itciinmaiu  vhi5lr-w  contra  The  c-ifii.  n«  ifts 
<i:c[**  ■.|cn  u  level  r-  m:s*  iilcely  !he  danhly  icni-*c>!  "IV  nnii- 
nileh.  |!iv  CM,  ,/m. Tc  with  ail  ,  %;hif  lets  iTr.a  O.W.  tae 
<""  /T  lals  have  irwv  Te<*,,  rthu  j*vl  are  ,S;-fivc  n  lyns. 
white  r"iii  OZT  v.":h  an  r  vahir  limn  1X0?,  ifrcic  are 

mw  t-'r,  fhiin  TeCt1,  and  :hi*  rryiaJv  ai  i*  p  :>‘|i*  Wt»?a  ih’inat 
iirwinii.il>  si/ell  as  ••iJi'.in  sn  ir.invlnccrl  inh'  C£T  !“  pnv 
.linc*  a  Tiiph*e*>*Jivi{j,*  iskli*.ila:il  cfctSVWl  fscATtlhl. 
CV,.  ,7nl"[ti  with ar..«  vuhir  ■> er  OJ-'  <s  lis'iimneniieii.  4l.*c 
niVia'Iim  di*ii*i,:i>  s  IJs. ..  .i'<*d  -tiif  line  Cd,  .c^rv,  ,Te  Willi  a  le- 
lisi;  ciH  ti|  nil'll*  il«*.n  '  ■  ii,i‘*U  err  eshihii,  etsvHciii  *vc» 
l*ir  ckiiisrtcfiPcs 

Thi;.  wi'J*k  *>  pnl-alh  'iif>)scnc:l  ;*y  the  E lefrnf e  Th:.*ai 
r*i>1ihii!>in  Antttev  aiiiici  Cimt:;nrl  Nw  IXfkAUI  iiO  J‘ 

. . . its*  Si*. .it.*  i*fjis-;*'*!S't  sv-vfvi  «■>  «n  C.iifmira  Till, 

•dr*  •>** 

;  *4t£*  r*f  \  rrp.*  Ml!  h*.es .!««"»  <«<  Hji^!  C'M‘ti-lfrtt  ir«l 

Statltai  f-’!*  »*:#’  •(,*»  insci 

*<  #  j*  *  iiiii-iniMSi-’r.' 

;A  it?  I  t':l*  t  .-■»  M"l*r  2.  4) 

'I*  4a  .  H«-.  Ri*;-  I  J.  I  »“**:«v,rx 

I*  «; .« *?i,  K  H  i.i.  Y-.  I-k  *f.l  V  n  x.u  frit .. 

Ny«l  V.  I'  I » I‘IH| 

N  *  (’ki‘1  *^l  A  hm-***  #  M*l -Nlik- im  I4v  {•»»:*"' 

*'V  *»i  Hti  1. 1*  /J* 

if  If  &cll  fl  if  "’■yivt':,  jf>l  V  V  K/lil  J*',* r«  i|jts 
5  5  ri  I  Xr"v  Y».*t  f-  Wr 

“M  4«l**l*  «’  li,?**  II  .V  ’■*  t*v,  K  'A  V-  Sh«?i.|>  >'t 

irn  .teU  11.  a  'fc\vr  J,  -%j*r  11:*'  *  1  •>»i 

14 *•*  %hm*  *o*K  i>  Mt;i  J  i‘i*  *  C  **», >‘"’1  *  Mill/*  *•  K*  :,,5  it 
:“M.  ,*  VJ  \-*l  Vtilt^ur 2*  I  »‘„-u  ;<  *>. 

'‘i  «?'  2r,  i«k.t  ‘V  |_  Hr*"  1*  40. 

» I  • 

■‘.v  ^  iaik'  J.  L  k  I!  II  llrttn***  it  A 
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v  V  f  hi  ^  i***muu.  ire  .Ss  If  .Uiirv  i,  r  V*'  M  v.*>  t 

%  i  fl*  V,VAlW.|  •  ,n.  if  *V.‘x*}fr|;.  fy*\  S'*  ^  f’W  lift  "17'  si 

''H.  H  !ul«  r  U-,-wii  »"V‘  •  \  ti**»  a«  \rv 

V.A  ^r*ii 
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3.0  EFFECTS  OF  EXCESS  Tc  ON  THE  PROPERTIES  OF  CdZnTe 
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Effects  of  Excess  Tellurium  on  the  Properties 
of  CdZnTe  Radiation  Detectors 


Ml'RKN  CI3L",'  SEVAG  TEKTKKLAN.4  DAVID  T‘N‘( r.1  C  C.  WAXa3 
J.D.  BESS02C*  J.H.  DINaN,!  R.B.  JAMES,3  ami  ARNOLD  Bi'SGER' 

i.  ra~:,u'-xs  e.«j*miuG.  Kurt  vale?,  ca  ?:«i.  %-vs  .v»«  hdcvqm  ckkiiec  kvssd. 

Bet  Acinar.  VA  eUffli  :!  —  8rwfc!w««i  Vsn'nu.f  Lahiraicry.  UpV’n  ST  IJfl?3  .1  Pr-k 

r-iivvnirv,  Tf<  :it>S  $  — F -m.nl:  ni  ,‘h’:  ‘'f.rrr.-.'nirK  Aim 


Ri-*->m  torn  poraTcns  radautinn  detectors  hmnwn  fnhricatccon  hijyircsifitHty, 
iniSum-ffopot!  CdfiwZn..  wTe  eryswls grwrn  under  liiTv;e:»l  amount*  ol  owsfi 
‘TV.  The  cflicits  nfthc  expos*  Te  on  the  properties  of  the-  dcientHTft  are  •  xpinimui 
hv  a  simple  inedel  usitij;  t'-fily  throe  |K*r:in<»*er»:  tlie  density  of  Cd  vanwcict. 
th*-  density  of  Th  anti  sites  (Te  at  Cd  sires?.  and  ihe  deep  level  or  tfouhly  wnfw;i! 
Te  Tlie  best  ■lotccrov^.  which  ■■-.I'l  •e^rilvir  the  Si.w-vneigy  Np-I.  an-d. 

JC  peaks  its  well  as  C,d  and  'lb  escape  peak*  or  JtiAm.  an.-?  ptndustril  IVr-m  crys¬ 
tals  gs?#‘.vi«  -.rich  l  $'■>  cvcc«.  Te.  The  Herc*.t«.<r«  fabricated  from  crystal*  pwii 
wit  hunt  excess  T«  arc  unable  to  rv-.-xilve  any  rhamctcristic-rniiiauiM;  peaks  of 
tutd  ,7Cii  Thic  h  is  -jyplsir.fd  by  n  model  rtf  net  tvoi  feed  p-type. do¬ 
mains  in  an  ntype  matrix  vice  versa,  which  is,  caused  by  the  Jack  of  -a: ft: 
eiem  deep-tevoi  Tb  snrisires  Such.  candtictioii-t)  i  -?  cstiwx 

massive:  eb-rtratt  and  hole  trapping.  As  lor  the  ds-t colors  lubricated  Irani 
CdtsftZi  it; |.,Tv  crystals  grown  with  :<:f  and  S'.V  ews  Te.  i?i>.-y  am  aM*  to 
salvo  tin*  ■1jAjij  89.3-heV,  r"Ca  '.i’l- keV,  and  "  Co  ItMf-krV  rad ialiun  peak*. 
Jfcwewj;  ;bc  fill  I- width  a t  hair- noxitni  un  _>F"iVTIM.i  value*  of  ttmw  ps'sk* 
an:*  bmudonnl. cspctiallv  tin*  hlsii-i-neri'v  -o  peak*.  Tins?*.*  phmnmvnk  an* 
nir.rhitird  co  the  hole  and.,  pose, ably.  electron  eianpieg  hv  Cel  vatmries  end 
•ju  ajrtiiii.es.  ntspi.'rtivc-ly.  The  i'chuIi  h|  i aiva|\*i:»  m:lie.aie&  that  »i;IHrionl  TL 
iir.fi  sites  and  a  low  density  of  carrier  traps  in  Cib..,-Zn.>y>Tr:  <>rv-  ov*<:riti5tl  for 
prcxiaciiwf  hiclwital ity  redj&uon  dewete-rr  In  cl-.r  miidysis.  it  ««>■  ijiwvtrtvd 
that  mo*.|  of  Inc;  excess  To.  on  the  order  ixf  1  ’2  It}-’’ cm  s,  remain  el>v:rieoliy 

iftaifive.  A  p*n#r-iWc-  osplanstinn  for  ;hi*  plwncfifw I'.-iri  it  tJtut  rk*e  exceic  Tt* 
a  birrs  lorn  rie-dtal  T.-’uilisi'i:  and  f  "ft- vrira  nev  cumpU-xos.  such  as  Tiyj  i  W.tl'*, 
(tcriillf  the  pasr-gronth  mating  pre.rc-s*. 

Key  words:  CtlZiiT*.  mitwtiwt  ilotivctnr,  gft  m  ms  -my  .iJonjeMr.  tl<-fiy.d.  vllutuini 
nntisitc%  deep-  loved,  r.idmititn  vacancy,  inaono^mdiy,  HgC’ifsV. 


INlKOUl'CriON 

Cadmium  ivilr.ridf  iCiLTe i  Bud  cadiaium  anc 
lelliiridi*  I'CdZnTo  <C*/T ‘>  havr:  horn  mnsid^ri.d  to 
be  prtnnlsij^!  si-mice ndiKliiri  ibc  piedovirjr  rocas- 
Icmnr Kilim'  mdiation  drtertr.rs  far  decades.1  flew- 
ever,  currentlv  the  poor  piodcirtiotl  yield  in  fsb* 
rirflf'ne  hip.h-poidbnnanra!  *.k:tectors  using  these 
materials  rraiuin*  i  tic-iueatloits  ifsoe  The  rtcn  of 
the  prfthSrw,  tB  fhst  pnvpnrtirvs  of  many  doli'cts  in 


iko-i'i'eii  X. .  fuller  lit,  ii’02,  .vix-plcd  Ffd.njarv  14. 2i;iOi 


these  ervitstl*.  sitch  aa  aIucIi  defects  and  how  the  de- 
iixts  nftret  i  ho  drtor.tnr  porft'rmanrms.  an  net  wnll 

ii  oct-mroa.  la  t'iu*  fri.caireh,  weMtciBW  to  tievriop 

a  simple  physical  nwdi:l  to  nddr:::i:i  these  ipa>sti.?ns. 

iiniuiig  the  defects  in  CdTv  •url  t"£T.  ihe  erUfio  nf 
the  dis'ji-  level  emters  is  of  parltodar  Interest  he* 
cause  these  cr  eier«  are?  nw;nittsl  liir  pr<xtifd«2  oni* 
form  high  resistivity  semicor-iliieters.'-'Originally.  Kd 
vas-omr  es  wcie  coasitWicd  to  he  the  ihivhuoil 

dr*op  WH  accentors.1"  I.aior.  it  wits  disanviimd  that 
•lie  dt-op-lcvd  eontoiw  were  actjiiUy  donor*.*  and  r;ho 


«il 
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of  H».w  “ctltiniiS>,  ml  1'w  f,o.|K'ii.->i  of  OHZi-Th 

art:  :i«  rtf  the  Ari-p-level  dcrror?  waft  b>Tr  an¬ 

ti  <iu‘:>  'Tor.,*  Sinotoi- yA«iuacacn»»i  we-;  observed 
U  fiaA*.  .led  As-anat1!*--!  hue*  Iwi'n  ii-.tr.-cluci'-d  ;nrti 
GaA»M<  poml-mv  Imp-  f.xislivny  hf**'t 

recently.  it  -a-iip  prwpo*i.:I  ihai  -U:.;h-  imtfard  "ft-.’.nti 
oiii-.  a n*  vhrtlliiW.k'.ii  donors,  «hi>;  donliiy  i’-ioviul 
TV*  it»ti*r:i>!i  n  n*  Thi?  sfarp-taifid  dnrjorj.1' 

Ss»J  on  the  mnM  ctf  ibrop-lrtwl  Ti>  anlikipw,*-’11 
r.rs-  uTU-t*  «i<if iiifeittM  to  praducc-  high  reiixf  ivily ("FT 
ss  ;o  £rr*  irxorpKir.t!  oiflitHw  T--,~v  xtn  rh>-  i-rvstaJ$ 
ami  rb»-n  tn  u«e  iii-  shaibsw-dMWr  tinjnHlii.-v  Sim-Ii 
a*  indium .  t«  11  this  fwsiilual  Cd  vacancii-r. 

■tlii-  itrtiv.wpcr_'.acrd  un-mint  <sf  V^,  ivvt>i-Tmy>.  A*  a 
il-»  l-Vprfii  li-vi‘1  Is  pinned  to  the  deep-drawr 
irV-'O  of the-  doubly  fanfavd  -T,.  M.iEisii.- n/ul  citem.  tlto 
tn:itrr::il  hi-ormi«-  b$hly  rwi«4*t-  |r<  this  |rtip-f.  rftt- 
qiiftnthy  <*f  iiiivp®  'ft-  unruly  the  .-rjsial  growth  ip 
Hsi-dto  i  1  rr»l  the  bitwkI  oi'Ti-,.,  MUta«i>i;iilf.4i(- 
•.■ITcid-' ‘fc in  i3icCKTcrysf2l-.iimw.ili  mcli  «n 
Hie  ra&i:iri.T,-i3eti.*rf,i:r  |:.-r'iirmrtsn«-  art?  rcx-rltcl.  -  r.d 
i  ho  n'5.ib>  ureffltshuneiltjakrlih'.iifMod'^oi’ftt.i 
ar-d  V,*  nwml  hi  ihi-uKsn  To. 

iiXFEJMMKNTAI,  KK£UI.T& 

In  1S1U  Ktiiiiy.  live-  gnoi  p-  oFC>!,rrKMt.o3i'  try-omls 
wotp  rvopiviivi'lj  yuiKo  nv  the  Dndlsann  Icchsintu1 
uoiiv;  molts '.T;th  l-ocr--*--  7<-  in  Ifw  iiiiinii  til>.  nf U-JM.'c.  1 
lit,*! .  1.3  M.7.  -  ut.'.X  rind  3  nl.'l-.  Wblvrif  tmpnrily 
lU'porilt.  ill  i:f«  lii'fi '  n-»il  Ills  ilfrt  p  ft-  pt.  -oT.io  if,  I  hrt  «- 
Rill",  ill  CK*t  c»>:«.-ptiir!s  if  Ci  vsuvum-ii--  aftor  flirt  rruu- 
{.» -ii;i"i'oi  id  .a!  iv-jitorr  of  Cdvocantici  in- tho  -feollisw 
dc-xir*  nf  ring'*  --  niiiiwl  'fo  .intishes l"  To  iiiv&iic 
V/l'l'  mill  hifrh  resist' citil'i.  i.ry^laN  in  orti-li  or'  lift; 
.-iVw  lii’o  iri:i.|i>  won:  Jnpiri  with  indii-m  fthil|«^» 
OJJWrs!  Ir.dilr‘.‘ft.‘iir  :|rtotn:»lil:-  until  .1  hijdl  tesiotivitT 
I’lyr'.fi  n-25  otu.iintd.  The  '•wmiili.i  t»f  ill--  iIh|mmi' 

— -nl|,;.ivMhf.v;i!  iti  TVihlc* f  on<l  ii.'Flu-aniaiiii  ufin- 
dium  ro-|i:irv(l  lor  |tnii!*.inu;r  li^i  iBUti-nty  CZ7 
iiiiclr  to  b:  comn-IVf  v<ri-  p'  rin  >  Tin-  n-pfii, 

rlnrihi  lift  ill  till'  !itf;!i  i  rtsi-itiiily :  -  ill<*CKnMH*lnH»'d 

7ho  ir.di-.rn  rorwi-rlroihsci  i;il  t  Kihnxc  u>  OrhicVii  d 
lii;f!i  n-ftswity  In  r  radf  nf  ►hr  fim;  Bri-np»  js,  ^hnwii 
ill  Till*-  III  liio  ow-Mtnb  that  have  r.«  hirrit  rohri- 
cniiid  jaw  (lirftrtnr'.  yah  mo  Cry.rtui  8H71,  lla  iv-rt 
iifcltnlml  mi  this  table.  The-  dmn  cH'.irly  *ly>»r-  dial 
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y 
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V 
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11  1  X  If.  1 

the  indiuni  dorrity  mu'diil  fin-  afaiMi  a  hig'i- 
n»irtivity  rnr-;;.l  is  |i.-vpc>riii>i-?  I  i.n  IV  ir<i«r  rt ml* 
afihr  Ti-  if,  thr  i-i  )>tal-i;ri)vcih  molt.  For  fry*- 

ImI  flS9l,  cniwr,  wii1ii!i!l  nw-Hi  a  oi-iy  low'  iUdr.irri 
n:i’i?i.-i:trMkn  an  lbe<irdi;rof  2  >  10' '  ‘in’"  it>  Miiii- 

n~?i».  |i|  n:r-i|;i  rr,urii  ll»  K-iidllSiM.'il  niraaCKn  10 
dchicwt  a  bich  Tirtislivily.  A  *  the-  mat  >ii.«f  i.-nri-  Ti- 
i-mnrttpi-,  mno:  imlinim  is  rcquirrH  for  cunpr-n.oat  1m: 
the-  rcriihial-OI  utmio  Toio  jilirnsim  n.in  nsUi- 
rtlr-s  that  a  CicTciysiat  Ii.m  murv  aw  fM  vx-rn-ns"* 
mo  ttoi-is-ri/d  -n  ^r.yivft  with  norrt  rtxrvss  7& 

Uudi;' VX'fi  :li.*f«id-ifo.  wiiEi  &  yirv  nf  4  x  <i  -■  I  win* 
in  Ti  r  if  /  3  aim1,  vti-.rv  CibricaiBil  in  y/.-t-or*  frrvm 
oMi-h  ifthr  irvt  i—y-!-inh-  liRw-d  in  Tiiblr  ill  and  ittr? 
!-llh:i?aiif1«ly  Irsliil  ir-i  ap  rwjinfiwi  hiibk*--  ill  '  l.ro 
a  ml  :'Am  ri*  Kotnig  ft-suli;:  art  nisi-  <oir  m  J 
in  TsM“  U}  llviijfnl  h ,  tlm  <if..y.'/n.  i,-T*>-iii-if-:rar 
oarfcrmaniv  criliniJb  ■is-pi-m1*  on.  Mn:  nmiasKi  nf  in- 
i-M-i Ti- nrt.fKl  i iii n  i hot- ry Si -.1 . gmwth melts.  The  do- 
fabricati'-l  fn-m  C’i-,oi.-il  ilSH,  whirll  *C*i< 
gr:<orn  without  pxirvt  To.  < ar.net  n.-r-'-'v-  «-iy  nl  rlo- 
--iiHilirri  -  nl  '"<3,-1  2 in-.  ‘“'Am.  liiiHrrtil-  u  ran¬ 
dom  in:m!  p*mIt  skw-  tshwptpil  A  f  n-  ap-idiuti. 
Mii-MMin-J  :<v  fhcr-r  rfrtti.-.tcr-;.  is sbr-.-rr.  in  Fig.  I  Thi- 
■-4*,|t|-.lilitin  ip  n  .MAlltoi-il  tilh  iln:  Irtrtl  ll'irtt  iSt-n-  If 
a«  rtpaiiH  fi-iiv-iirp  t-wIi  -_•»  daliwas  f.il:r.:a:i-ii 
n>  CiTTfll  gr»wn  Wlthnin  nxrcs;  Tc.  Thi-  -|p|»\-in»* 
rn.-rn  Cr%’-’:.  I  MM,  wli  i;|-|  »■**.  with  iB  exrCKS 

To.  have  hl-ttt-r  l-orf-iroatlw  -ird  r*a  risnlvi:  tho: 
'-'l.'u  I’ii-liv1,*  mid  “"Am  M-Vki-V  pc»l{«.  Tli** 
■dutOCloro  M.im-ni;  llinw-  lifti-il  kii  Tfehl-.-  Ill  i/c-fofcri 

cntrtd  fawn  CZT  9S6-I..  a  cryrtal  p-i-oin  -.vfff-i  l itx- 
n-Mi  To  Tin.  ^'Anl  and  "V-o  j-t-cctra  nuovoi nrl  hy 
th«»”  ifervi'm*  ore  ulinw-n  In  J  nu.l  3. 

lively.  In  iddilior.  to  rly-  rTC?  1224,-A’.  '-fo  ViH-fnV, 
miviI  "**Ani  iVj  Ti-StnV  |!i:nlio,  the  -.Iri.vlors  rm  also 
n-soSvo  the*  sis  w,Aia  \  j>- 1 .  Ti  -K.  <;d- 

i-tiiprt,  and  Tf  i-pcnpc  penis.  Porid--.  IV  fiiJl-wiibii 

nl  I  i:iK-iii;i  i  in:  ii:n  iKWHMl  vm5hi;:I  c-I  I  In*  -Co 
125 1-jtV  and  KAns  5<i->-xvV  pi.«k.i  have  -.-i-.iv-  Inw 

•.-:i:ui-o  ol  tfa  fcnV  and  1.?  Jo-V  r«pprf 

W(v=n  iron-  Ilian  1  >v*  vrK Tn  is  iiUf.*;|i;-ri-d  into 
iltoCKTirrwvih  ms-lt.  good  iloyttnrscoti  *"’11  h.-fftb- 

mao*ii  I’f  csi  ti**-  >;■  nw’ii  Cf'-'-iai  :l*u;  ibrpt*fi*rotw 
r*f  the  dr-Icctor-.  ln-gim  I-  JopoHi-  As  ihnwn  in 
tliMf  ill,  fho  ilrgrcu  ..of  diVT’ Jatioa  is  fimp.-i«inal 
to  I3ii*  .iimxnit  rd  Uk:  noio-w  Tr  oixtl  .far  the  CKT 
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I'l'.u.  T.ftrfL-lii.  Vjju;.  V>‘;nr;\  Hi-fl-ua,  IH^iaa,  -Jaiulo, 
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IWrtc  IIL  1  Vuiicpt Ic* «f  Cdii yj/  n.,.  i  «"l'c  CiyMals  iuad  DetcrtWi  an*  F«ni:I ion 
of  ExcratTe  in  Cix'sfeU.Ci'Awtti  Melt' 
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F  a  J.  V*.  ifiK'ju-  tl  '‘Oft  msaruci:  bt  C:«-:Kt5  rue-  -i  C27i34i 


LVijM/to-1'  I'nipi  CJt  L*Fn F.  wjj;rr 

;’i  t;«»  with  li'i  r»s5  7c.  eon  rcsnlw  ilw-  major  r'TCo 
aitd  ''"Am  peak*.  The  rnhnm  «f  Ih**  KV.'KM  .4  r,hv 
*TC»  122-fcoV  .,i,,|  -!,Atn  fn/dS'-  mrsoBrfc- 

spx  tnbh-.  Ifbi!  ectactiiir,  cun  tfetiT-.  ih:-  envetofi  « 
iftc  Inw  caDr^y  !MAm  Sp.MufV  pank-i  bat  rwtinui 

thr»  jn*tw  illr.fl!  pl-fift.  ‘hviiihMWtiil'i^Mi 


<ififeitii»  tVuirt  kyXt  SWHtf,  ft  st;/#lrtl  Jtiftwrt  wit.fc  i*v 

Te.  air  <-»v*#  wans.-;  jisirrcs  4  .-aid  &  iAw  re- 
-po-ti vi'ly.  tbv’  ?,1\ru  and  * "«V>  sju»r;-a  «*??»?■■, icwf %y 
fun  iit'rtM'Ft  ilirCffetf*  Till  ‘f>  '?  :l  kjinl  *|:),|il<U.r  w 
l  lie-  Irft  ;*!«•  of  tin;  r‘'Ci>  122  kftV  pestle.  o  -.i-nicn!  f  ieri 
of k» rrit-r t j-ippinst  At-n  result,  a  nufnninpl-il  VWHSiS 
vnluft  nf  rhl-A  fw-.ab  .iirtiml  tv  itusVitirwI. 
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disccssion 

Tbcorcliral  Modt  l 

From  the-  preceding  elfects  of  rttwPS  T«  Oil  the 
prrnojriov  of  CdbarZtin  mTc-  radiation  dfU'etots.  n 
-iru u3<*  «ctiiirjmntiiin:ive  theoretical  mitdel,  •isinir 
only  tMvC-*  ft  Cd  WWirirs  and  Te  antirites..  is  do- 
tdnpid  fi;r  ;k<  radrilS lid  Iltit  n/  th«  r  v|>.;rimcTitnl 
rc-v.ills.  !'■  ciiriJilTuet  this  itii'drC.  tin- 
iratitm  in  Table  ill  is  first  drawn  in  Fiji,  fi  as  st  fitnr- 
lion  of  1  he  rJtccss  Te.  This  curve  is  then  r-.uisidc-red  to 
l»  ttiK  i’!Hi!,i>ntHiti«n  nint:  ;*f  cnoatnueuic.iiul-Cd  va- 
CrtAvttSp  •'  J'  ftfiTi'Tii'a  of  V^y  and  TVv;<l  because-  the  hiiirii 
rt-sislmly  itf  i*s».rfi  CZT  rii-ml  5*  adiirvni  hy  com. 
po-r_satinij;  the  residtu.'il  Vet  >*kli  i.m  P'ltm  the  Unt¬ 
iled  data,  a  prortjsB  curve  t»s  e*  te  notion  Of  ex- 

rraw  Tl'cannm  he  obtained.  I  Imuevi!  r.  it  is  nusai  I:  Jr  U- 
draw  :t  -on'iiriu.intiintivn  curve  ttf  the  Th-t  di-tribu- 
ifan  JV^f,  rhi-  Tiv.i  cnncumritticai  of  1  y  101,j  cm'5. 


©tCGSST*.* 

Fiji.  tli,. srinV|utmtnr*n  ceta.*: gyrenhanen  curser  cyeewteH 
!t«r  «j£Ht-eij  ise  ■'<3Mt-rwie.il  nscrii  in  IXL’Ii  lt>. 


npnrn.xim.tli'd  fey  Fiedrrl* «  al.;'  is  ssr.igr.srt  to  CZT 
SftfM.  from  which  the  best  del  enters  'Acre  fabricated, 
fjecn-iij,  i;  is  riir-iixi*  ihsu'lhe  rmvrtrrrarian  of  tivo 
Tae*  iurmisps  nwiKitmmcaliy  wfilt  the  .'irnOiiO'  of 
iixes  ‘ih  in  the  CSST-grovrlh  nwlls.  tlwr..  the  Tei** 
ixinoanl  ration  euro:  as  a  SinctMin  of  the  iixcnas  Te.  a 
cnrvi-  with  si  poviuw  aiaps,  can  bo  drawn  in  Tig.  -fl. 
Tho  wndcrcrm'j'cd  vsristMe  i*  the  -precise  value 
uf  the  .dupe  of  this  ritrvi*.  Tin*  tJd-cas.vWtt.-S'  ewiMOTin- 
tsen  carve-  »  six  plv  the  r-iun  of  the  other  ’Mv.  t*  -cirt{f 
the  infnrmr.fion  in  Fist.  vi.  the  didiHiltir-perilirinaRre 
data  ste  ti  ftttfn’fi'W  of  line  excess  Te  car.  rrr.ifiSy  he 

expIfsine-J. 

(Tondudion-Trpe  InhomoRt-nolly 

The  r"C»  spectram  measured  by  iietectnrs  Ihair 
CZT  5*i£it.t  in  shown  in  log.  I.  None  r,i  the  character- 
title  KC«  |Vi«kf!  is. ccif cr-x-d-  Tnstnad. there  «a  brood 
tienk  with  erw-rpv  t-nich  hiv..»)-  Uwn  tV*  122  koV  This 
result  is  oxjihiiiiod  by  it  m.-dol  »f  iii'tworkaiS  i>-ty|)u 
domains  in  an  n-typo  matrix  or  vice  «*rse..  which 
Cni!=oil  by  the  loot  <if  sufTanent  i!«r.p- level  Te  anii- 
#ites  it-iCd  vnisiiuic#.  Such  civTifluciinri-typo  inboau^ 
"Siifjfy  twiisef.  matitn®  i.>|«7i>o.n  and  hole  f rs-ppmp:. 
This  model  is  similar  to  tile  “it  'fes-xlapcd  f«T 
HgCdTe11  and  is  published  elseviWa*.1-' 

Optimal  C<l7.nTe  Octrctens 

Tfn-  ti.  ;**riini»  results  tx  drtertcir--  from 

CZT  sircSi'si  that  this  rtynal  Inn*  s-ufficienr 
dee-p  TMT-l  Hi  antisiles  te  pm  the  Kerirti  level  to  the 
middle  ef  the  bondgnp  and  !ins  a  mini  lira  I  tiniuunt  >vT 
cr.rrifr  tivipru.  Thea*fori!,  the  detect nrs  can  resolve 
ritt-  lovr-onoijg*  JUAni  and  exhibit,  low  i>”A:l5M 
Of  tint  two  rii/r  ii-  pen%s  <if  r‘c.  i  sinii  fcAm.  These  re- 
etilta  SndirjitC*  that  l«  IntOTivinits  siifSnCM  'll;  nnti- 
sdtes  In  CZT  tor  reu/riiinp  s  nieii  nisi!-  iicity.  ox/.-i-ss  'JV> 
in  Ifcic  smii-.int  of  1 ,5T  <>r  an  its-  cn,»«:3i!»'sl|i.aid  needs 
to  be  introduced  into  the  growth  melt  |i>r  the  CZT 
rrrnwt'h.  To  produce-  livon  hetter  dirtcciors.  iiumninus 
mituxU  w  further  rontrul  the  ronror-irn-iiims  of 
dwp-V'-.i;!  JoftsSSfti*i|wtTklieK  aim!  i’r»r?ivr  traps  nerd 
to  be  developodl 

Tlir-  amount  <<f  c.wws?  Te  for  thi»  iSHwth  mf  CCT 
S»+fiS«  is  H».-i  wen  thase  Ibr  CZT  33*1  and  CXT  *R 
The  fact  that  the  detectors  Irnrm  this  crynsil  car.  r>*- 
srthv-  the  r“f?<i  122-UeV  peak  bat  r.ol  the  lHti-kBV 
fajnh  indieate  that  the  jK-rfprniania:  of  these  detect 
t-nrs  aro  also  bt-feveon  th>>e  of  CZT  *'K?iN  ond  CZT 
33<V{.  These  phenutntna  can  lie  evpIS-iMed  by  tlu?  ei.ta- 
cepc  that  the  rliehtly  insuificicr.t  OTncvp.lratwri  cd 
the  (Sisep-li>v.-l  Te  .■sntisitos  in  this  cr-.-r-.i!.  shuwc  in 
Fijf  15,  still  heaves  a  certain  amount  of  rc.r.ihiction 
type  iitJtonmirci'i.'tiy  in  tl»  crystal. 

Hole  Trappinci  by  Vcs  and.  Klectmj) 

TVapping  by  Ter.i 

Pigitms  4  ami  6  /•«-,  m:|ii'eHvel>;  ilw  '■piXtTa  of 
2,1  iVoi  a  i<i  r,ri':.i  pp'-asuied  hy  ilrsctoits  from  CZT 
923?.  llw  sr-mn.>  ik*atj«iatt<>ii  of  the  12&-ki»V  fvmk 
hi  the  degree  that  iis  KVVtiM  eajindt  he  me»‘"ifd 
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in;li.‘:ia<  n  hrch-'IcgJia’flThiiktaBrf.  a.-rcahty,  libvtaoa 
n"/lppir.}>.  Tdinpnrinr  with  the-  ssirew 

shown  m  Us;  I?.  tin*  bolt-  tupping?  k  >-nti by  » 
higli  dentil)  nfCd  vacancies.  anti  tie  i-kvtror.  :?»?■ 
pine  !:y  Tc  antitites.  The  of  the  JirfisJfelwt-.  m 
to  the  foie-cncr^y  511  Am  ean'inti  rays.  err 
tiinl  ti;-;-  |j"WH3iJ  ef  rtieve  i^-wlt-  -ii >-  it —'‘idl-n-'cl  {*‘i  llif. 
iO-:;, ili^t,  <ku+i  ttvffcvkluii!  jw-iik  unn.it  bis  -Jittin- 
(T.it'Vd  from  tilts  orhe-rs.  Ivn  ihr-  overall  «ivt-1i:p«n 
still  hir  objssrwd^  The-  higher  dcinw  of  degradation 
ul*  tht*  122  k<?Y  *TCe-  peak  than  ‘.lit-  -  Am  SO.S*K«V 
peak  iue^esta  that,  hisk-  »;i|ipir.”  play*  tin:  rni'.jor 
rt.lt;  mi  Mv-  i  rapui  r.a  gtedliirtlkli 

'Jki*  Mi-ii-.Mitt  i/T  ..!Vo**s  Th  tor  C2T  SiisA  is  hM-wron 
l htitf- rrn  4  ’iv-tidj-  iv.*i4  and  FVas.:xl  on  the  Cd  vj. 

ai',?1  andTi:  ontisnre  eur-w  ihtr.vn  in  Fie-  6.  the  nreo- 
i;r.tt::.of shedehtrtoro  fr-nr.  C2T SfilS  will  ak.i;  !«•  In- 
twee  si  tbs arestsilie1  afij*'li*rtn7is fimSi  C/T8?*S6£  tt till 
“>ih  r;i*.irii,iryt|  rpo.ilr:  tjnr  its  -.ifcriOMSieni  with 
ibis  pivtlirnne .  Then--  sir*  hniiulmini;  tif  the  TTYliM  nf 
ail  :h.<  pc-jilu  amiparaii  to  the  .■cpreira  nnnwurtd  by 
ik-tecl  are  Cram  CZTs  leltf  1  titnl  S«72.  bus  the  FWKM  af 
i he  '"Co  lyi'krVtuiii  iv»r  *tiH  In*  ipmstoiwH 

■Possibility  ^Tt-Rrlnlnl  Neutral  Defects 

An.  ir.t.'H'yiini;  uhswatka  of  the  p-rnMHm:  di* 
cui;;:i.,n  is  that  the-  amvatniini'  "I  ekrtrlrp  Iv 
activat’d  vivnilKtes  a ml Ii- t-v-  >n  «n  rhr  nnlur 
nf  W’-W  i-i-i  !,  while  rhi.  rorernt.-ntsnn  r.l  tin' 
exetr-fi  ’TV-  in  rhn  C?.T  ciy.ttMs  is  on  the  order 
nf  1  2  a  HV  cm  '*  An  csnlariatiins  is  dial,  at  the- 
arawth  tern aerat un>  kA  i  Jotf'C,  juit-*{  .\f  the  evci-v- 
Tv  i-  j.ir-lliHl  iito  Ilv.*  (!iiT  --  in  the  toi  mi 

ill'  (!il  in-i.c*  Mini  ’Jii  ji'iitiRttro.  Onit  fid  v-irsfic*.' 
■dan  la'  eumriilftirii  iu  » ne  <w:iate  Tt  xitsm  nnc  une  Ifc 
wiTsritr  enn  in:  pinaidsred  -as  pwn  excesMlh  otomt. 
tkirir.M  »| -f.  n-.-.liMt;  prill-"-.-'  -alVl  lit—  ar'.wlli.  I  in* 
h*if|i  >l?iii*ife-  i-i  '.’il  efiriirtni'*-  amA  Tk  tsf4t^iw-t  on 
thn  tiiThn  i.r  Ih-’1  <™  ,!,  ciust  he  redisocyl  kfiKM  of 
l he  irvv  piiinaijity  of  tJirni:  deft-tt*  at  Inwor  tempuro- 
tuirti.  In  :*>.  nrotesN.  iKnitnil  iteRirl  speries  in  u 

hiirh  otruviiliiifwiii  nre  fnrrn—t  Tlw.  MMr 'll.  >r  £nrw  of 

lltc  I'-.ntiOl  ^prriro  'Ml}  fcf.  f«f,i-iV..j-,  a  -’^tviplrx 
frwiarrf  ir.  ..fn  Tii  uiitSHle  and  two  Cd  vno.sncirw. 
Thi-  romplfs.  inr.livalitni  hi  Par  exrtvr-Te  atoaifl. 
r.iK  wi r/e-  nr.  a  mielct'.li'sn  center  list  tin*  Sinn.-itr-mitT 
irjnpr  omvlii-rn'il  iWw-ja,  ynelt  n?  t*>  pivrial— *rr^i. 

CONCIA’SIONS 

If.  ij  )i(.mnnt.l taK'il  rjiai  thf;  pr-rP'-raianerii  «f 
Ctli.i.JitVi  rnTe  ra-il-nimn  dciri^ori;  arc  ertiunily  dn- 
|!«vioat  nli  the  nmcnntt  of  ettre::;;  lb  in  the  igmwtii 


l'h«.  IVnU-.-iim,  7tnp.  Wtni*,  Hi-iihh  liinwi,  .,:im— . 

mtkI  fh:  r*i-r 

int-lt;-  A.  J<-r iBi|uaiil ii » lit •.<  rfifiinfftieiil  mode!  lor-ed 
.ntiv  :uv  Tfejuin-irrij  and  04  •.'rtcnin-i.-?  is.  i-.iMv.isnil  r.i> 
i-xplain  nil  of  llse  nhmrr.-i-d  I'.xpiTsiinuntal  nrsiilr..-. 
With  l»w  esre-w  lb  of  l'"r  oi  I«sh.  the-  r.KT  erys-tnlt 
Hnv.»  inriiiRrii-r.l  Te,-,  to  nrwidc  dec5?evei  dnnor«.  to 
(Mr.  l.lie  iVrrni  lew!  a!  lbs-  iriiddle  of  the  hamigap.  Ai 
a  r-.-tii.  |>-i.}  |ic  ili.nn.;iijta  are  fi'irofttf  in  an  c-type  no- 
tr.at  nr  Jiife-.nu-iin  -  map  mnrrii  Thi  i^undn-'i-'iio-rypi’ 
inlmnniRc-iuHty  nsufcss  massive  rlortron  and  l»,ili> 
trApjiinf.%  C«:isi‘.‘|-ji!niW.  tht-  deianois:  ara  trail  lik-  to 
ivruU-e  the  raiiiat  inn  peahr..  With  an  exresisTe  <d  2'1 
or  snore,  the  high o;<niT,1rT,.ttun  uf  i.xiir.r<i<'i:l  •-m'ctu:- 
a.isJ  fe  ;ui*  isi WS  -erve,  n^ljwfiivefy.  it-  Inle 
1i  A|W  atn’S  Arinin  traps,  m-liirb  lii'iyMilv  -.’ll-  nsiihl- 
tion  iii  the  f/.T  detrctuen  The-  heat  ili-tvcrn:-.!  .irr 
predticrd  train  CCT  crystals  ^inwn  "->th  an  iwenne- 
il-nfi*  stir. on n!  of  i;*ei".f  Tt-  of  1.51?.  which  hr-;  tnfli- 
rvnl  '‘■Mi  in  -ii n  ?Jie  fi'rrn i  rVvel.  lo  llte  uiitldle  «.4 {he 

l::i !l* hfvsp  :>tnl  hie*  If*.  fiV^iliV  II ni-.MIl At  I jtf  ;h‘fi.‘l-r.-  ti 

ti.i|>  clio-ri-  rar'ieft  It  v.na  niuy  ftir.r-d  thnt  nntst 
of  the  Tt*  ntoons  are  net  eloetricnlly  nctiva.  Ct 

is  -;irx.:«!«el  tlwl  they  riirt  isi  tin?  Ibnn  nf  neulral- 

ili-fi‘i-1  n*ri>pl*.%l's,  siirhii'Teia-IVsal*'. 
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ConSrsict  S'n.  DTRAa:  yl-i’CH7l  -Mid  hy  fO-TSD) 
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4.0  EFFECTS  OF  P/N  INHOMOGENEITY  ON  CdZnTe  RADIATION 
DETECTORS 

1.  M.  Chu,  S.  Terterian,  D.  Ting,  R.B.  James,  M.  Szawlowski,  and  GJ.  Visser,  “Effects  of  p/n 
Inhomogeneity  on  CdZnTe  Radiation  Detectors,”  SPIE  Proceedings,  Vol.  4784A,  237,  * 
Seattle,  2002. 
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Effects  of  p/n  Inhomogeneity  on  CdZnTe  Radiation  Detectors 

M.  Chu,*  S.  Terterian,  D.  Ting,  R.B.  James,8  M.  Szawlowski,b  and  G .J.  Vissei* 

Fermionics  Corporation 
4555  Runway  St,  Simi  Valley,  CA  93063 

fl  Brookhaven  National  Laboratory; b  Advanced  Photonix,  Inc.; e  Nova  R&D,  Inc. 

ABSTRACT 

Spectrometer  grade,  room-temperature  radiation  detectors  have  been  produced  on  Cdo.wZ>>o.ioTe 
grown  by  the  low-pressure  Bridgman  technique.  Small  amount  of  indium  has  been  used  to  compensate  the 
uncompensated  Cd  vacancies  for  the  crystals  to  be  semi-insulating.  The  properties  of  the  detectors  are 
critically  dependent  on  the  amount  of  excess  Te  introduced  into  the  growth  melts  of  the  Cdo.wZno.uTe  crystals 
and  the  best  detectors  are  fabricated  from  crystals  grown  with  1.5%  excess  Te.  Detector  resolution  of  ^Co 
and  MIAm  radiation  peaks  are  observed  on  all  detectors  except  the  ones  produced  on  CdawZnojoTe  grown 
from  the  melt  in  the  stoichiometric  condition.  The  lack  of  resolution  of  these  stoichiometric  grown  detectors 
is  explained  by  a  p/n  conduction-type  inhomogeneity  model. 

Keywords:  CdTe,  CdZnTe,  Radiation  Detectors,  Gamma  Ray  Detectors,  Defects,  Te  Antisites. 


1.  INTRODUCTION 

CdTc  and  CdZnTe  (CZT)  have  been  considered  to  be  promising  semiconductors  for  producing  room 
temperature  radiation  detectors  for  decades.1  However,  the  only  high  quality  room-temperature  CdT e/CZT  detectors 
arc  fabricated  from  Cdat»Zno.ioTe  grown  under  a  high  pressure  condition.2  In  this  paper,  we  report  the  properties  of 
spectrometer  grade  CdawZno  ioTe  detectors  produced  on  low-pressure  grown  crystals.  The  detector  testing  results  as 
a  function  of  excess  Tc  in  the  crystal  growth  melts  are  described  in  Section  2.  The  poor  resolution  of  detectors 
fabricated  from  crystals  grown  from  stoichiometric  melts  is  explained  by  an  inhomogeneity  model  in  Section  3. 

2.  EXPERIMENTAL  RESULTS 

In  this  study,  five  groups  of  Cdo.90Zno.toTe  crystals  were  respectively  grown  by  the  low  pressure  Bridgman 
technique  using  melts  with  excess  Te  in  the  amounts  of  0.0, 1.0,  1.5,  2.0,  and  3.0  atomic  percent  Without  impurity 
doping,  all  of  these  crystals  are  p-type,  which  is  the  result  of  net  acceptors  of  Cd  vacancies  after  the  compensation  of 
acceptors  of  Cd  vacancies  by  the  shallow  donors  of  singly  ionized  Te  antisites.1  To  produce  CZT  with  high 
resistivities,  crystals  in  each  of  the  above  five  groups  were  doped  with  indium  (shallow  donors)  in  different 
quantities  until  a  high  resistivity  crystal  was  obtained.  The  amount  of  indium  required  for  producing  high  resistivity 
CZT  needs  to  be  controlled  very  precisely.  The  reproducibility  of  the  high  resistivity  is  about  75%. 

The  indium  concentration  introduced  into  the  crystals  for  achieving  a  high  resistivity  for  each  of  the  five 
groups  is  shown  in  Table  I.  The  data  clearly  shows  that  the  indium  density  needed  for  obtaining  a  high  resistivity 
crystal  is  proportional  to  the  magnitude  of  the  excess  Te  in  the  crystal  growth  melt  For  Crystal  9294,  grown 
without  excess  Tc,  a  very  low  indium  concentration  on  the  order  of  2xl014  cm'5  is  sufficient  to  compensate  the 
residual  Cd  vacancies  to  achieve  a  high  resistivity.  As  the  amount  of  excess  Te  increases,  more  indium  is  required 
for  compensating  the  residual  Cd  vacancies.  This  phenomenon  indicates  that  a  CZT  crystal  has  more  net  Cd 
vacancies  as  the  crystal  is  grown  with  more  excess  Te. 

*  E-mail:  M.Chu@Fermionics.com 
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Table  I.  Properties  of  Cdo.«Ziv>,ioTe  crystals  and  detectors  as  a  function  of  excess  Te  in  crystal 
growth  melt.  “X”  denotes  “not  resolved." 
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Radiation  detectors,  with  sizes  between  4x4x1  mm3  and  5x5x3  mm3,  were  fabricated  in  wafers  from  each 
of  the  five  crystals  listed  in  Table  I  and  were  subsequently  tested  using  radiation  sources  of  ^Co  and  24 'Am.  The 
testing  results  are  also  summarized  in  Table  I.  Evidently,  the  Cdo.»Zno.ioTe  detector  performance  critically  depends 
on  the  amount  of  excess  Te  added  into  the  crystal  growth  melts.  The  detectors  fabricated  from  Crystal  9294,  which 
was  grown  without  excess  Te,  cannot  resolve  any  of  the  radiation  peaks  of  STCo  and  24 'Am.  Instead,  a  random  broad 
peak  was  observed.  A  57Co  spectrum  measured  by  these  detectors  is  shown  in  Figure  1.  This  observation  is 
consistent  with  the  fact  that  there  is  no  reported  room-temperature  detection  result  on  detectors  fabricated  in 
CZT/CdTe  grown  without  excess  Tc. 


Figure  1.  Spectrum  of57Co  measured  by  detectors  (4x4x1  ram3, 100V)  from  CZT  9294. 

The  detectors  from  Crystal  9489,  which  was  grown  with  1%  excess  Te,  have  better  performance  and  can 
resolve  the  ^Co  122  keV  and 24 'Am  59.5  keV  peaks.  The  best  detectors  among  those  listed  in  Table  I  are  fabricated 
from  CZT  9364,  a  crystal  grown  with  1 .5%  excess  Te.  The  241  Am  and  i7Co  spectra  measured  by  these  detectors  are 
shown  in  Figures  2  and  3,  respectively.  In  addition  to  the  ^Co  122  keV,  37Co  136  keV,  and  “'Am  59.5kcV  peaks, 
the  detectors  can  also  resolve  the  six  "'Am  low  energy  Np-L,  Tc-K,  Cd-c scape,  and  Tc-escape  peaks.  Besides,  the 
full  widths  at  half  maximum  (FWHM)  of  the  ”Co  122  keV  and  24lAm  59.5keV  peaks  have  vciy  low  values  of  6.0 
keV  and  3.6  keV,  respectively. 

When  more  than  1.5%  excess  Te  is  introduced  into  the  CZT  growth  melt,  detectors  with  the  capability  of 
resolving  the  radiation  peaks  can  still  be  produced  from  the  grown  crystal;  but  the  performance  of  the  detectors 
begin  to  degrade.  As  shown  in  Table  I,  the  degree  of  degradation  is  proportional  to  the  amount  of  the  excess  Te 
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used  for  foe  CZT  growth.  Detectors  from  CZT  9618,  which  were  grown  with  2.0%  excess  Tc,  can  resolve  the  major 
57Co  and  241  Am  peaks.  The  values  of  the  FWHMs  of  the  57Co  122  keV  and  241  Am  59.5keV  peaks  are  still 
respectable.  But  the  detectors  can  detect  only  the  envelop  of  the  low  energy  24,Am  59.5keV  peaks  instead  of  the 
individual  ones.  The  characteristics  of  detectors  from  CZT  9238,  a  crystal  grown  with  3.0%  excess  Te,  are  even 
worse.  There  is  a  broad  shoulder  to  the  left  side  of  the  57Co  122  keV  peak,  a  typical  sign  of  high  hole  trapping.  As  a 
result,  a  meaningful  F  WHM  value  of  this  peak  cannot  be  measured. 


Figure  2.  Spectrum  of 541  Am  measured  by  a  detector  from  CZT  9872. 


Figure  3.  Spectrum  ofS7Co  measured  by  a  detector  from  CZT  9364 

3.  DISCUSSIONS 

The  discussion  of  the  general  properties  of  the  detector  results  in  Table  I  will  be  published  elsewhere.  In 
this  paper,  the  discussion  will  be  focused  on  detectors  from  CZT  9294.  The  ”Co  spectrum  measured  by  these 
detectors  from  is  shown  in  Figure  I .  None  of  the  characteristic  ^Co  peaks  is  observed.  Instead,  there  is  a  broad 
peak  with  energy  much  lower  than  the  122  keV.  To  understand  the  cause  of  such  results,  a  separate  experiment  was 
conducted.  Several  detectors  from  CZT  9294  and  CZT  9364  were  exposed  to  visible  light  and  die  DC  and  low 
frequency  photocurrent  from  each  detector  was  measured.  All  detectors  from  CZT  9294  have  photocurrents  more 
than  twenty  times  higher  than  those  measured  on  the  well-behaved  detectors  from  CZT  9364.  How  can  CZT  9294 
detectors  that  cannot  resolve  gamma  ray  peaks  show  such  peculiar  high  photocurrcnts  to  visible  light?  For  such 
high  currents,  the  hole  lifetime  in  CZT  must  be  higher  than  an  unheard  value  of  20  jlscc.  To  explain  these  results,  a 
model4  proposed  on  small  bandgap,  near  intrinsic  HgCdTe  can  be  used. 
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In  low  carrier  concentration  (~10U  cm'3)  n-type  HgCdTc  with  a  cutoff  wavelength  of-12  pm,  extended  p- 
type  inclusions  or  domains  arc  frequently  observed.3  Dislocations  are  a  potential  cause  of  the  p-type  domains.  In 
near  intrinsic  n-type  material,  a  small  amount  of  acceptor  impurities  or  defects  (>lxlQu  cm'3)  diffused  through 
dislocations  can  easily  convert  the  neighborhood  of  the  dislocations  to  p-type.  The  symptoms  of  such  a  structure  are 
a  higher  than  normal  DC  and  low  frequency  photocurrent  in  photoconductors  larger  than  1  mm,  and  an  unreasonably 
high  measured  hole  lifetime.  The-  model4  developed  to  explain  these  phenomena  states  that  the  extended  p-type 
domains  in  the  n-type  matrix  form  a  potential  well  for  holes.  When  the  p-type  domains  form  a  network  connected  to 
the  cathode,  a  new  mechanism  to  collect  the  holes  is  formed:  the  photo-generated  holes  in  the  n-type  matrix  can  drift 
into  the  potential  well  and  be  collected.  This  process  is  illustrated  in  Figure  4.  In  a  conventional  n-type  HgCdTe 
photoconductor  with  no  p-type  domain,  as  shown  in  Figure  4(a),  holes  that  can  be  collected  by  the  cathode  must  be 
generated  within  a  distance  of  /h^Ms^E  from  the  cathode,  where  p*  is  the  hole  mobility,  Th  is  the  hole  lifetime,  and  E 
is  the  electric  field.  But  in  n-type  HgCdTe  with  networked  p-type  domains  connected  to  the  cathode,  the  situation  is 
different  Since  the  holes  in  the  p-type  potential  well  have  fewer  electrons  to  recombine  with,  they  can  have  a  very 
long  apparent  (measured)  lifetime  (th")  and  drift  for  a  very  long  distance  4“,  where  “in”  denotes  “inhomogencity”. 
Consequently,  as  shown  in  Figure  4(b),  holes  generated  by  the  photons  outside  the  4  range  from  the  cathode  can  still 
be  collected  by  drifting  into  the  p-type  domains  and  then  to  the  cathode.  As  a  result,  the  photoconductor  can  collect 
a  higher  photocurrent.  It  is  noted  though  that  the  detectivity  of  such  detectors  actually  suffers  because  the  detector 
leakage  current  and  noise  are  very  high. 


(b) 

Figure  4.  Modeling  of  DC  collection  of  photo-generated  holes  in  near  intrinsic 
n-HgCdTe:  (a)  homogeneous  condition,  and  (b)  inhomogeneous  condition  with 
p-networks  in  n-matrix. 

The  phenomenon  of  the  peculiar  high  photocurrent  in  response  to  visible  light  observed  on  detectors  from 
CZT  9294  is  similar  to  the  excess  high  photocurrent  and  unreasonable  high  carrier  lifetime  found  on  the  HgCdTc 
photoconductors  with  p/n  inhomogeneity.  According  to  the  model  explained  by  Figure  4,  CZT  9294  may  also  have 
networked  p-type  domains  in  an  n-type  matrix.  This  idea  is  consistent  with  the  fact  that  CZT  9294  was  grown  from 
stoichiometre  melt.  Comparing  CZT  9294  with  other  crystals  in  Table  I,  this  crystal  has  the  least  amount  of  Cd 
vacancies  and  Te  antisites,  the  defects  been  proposed  as  the  deep  levels  to  pin  the  Fermi  level  to  the  center  of  the 
bandgap.  According  to  Ref.  5  and  6,  it  is  impossible  to  achieve  homogeneous  high  resistivity  simply  by  close 
compensation  between  shallow  donors  and  acceptors.  Any  slight  fluctuation  of  the  densities  of  acceptors  and  donors 
can  cause  conduction-type  inhomogeneity.  For  achieving  high  resistivity,  a  semiconductor  must  have  sufficient 
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impurities  or  defects  with  a  deep  level  near  the  middle  of  the  bandgap  to  pin  the  Fermi  level  to  it.  Based  on  the 
above  discussion,  it  becomes  clear  that  the  density  of  deep  level  Te  antisites  or  Cd  vcacancies  in  CZT  9294  has 
reached  such  a  low  level  that  p-type  networks  has  formed  in  the  n-type  matrix. 

The  concept  of  conduction-type  inhomogeneity  can  be  used  to  well  explain  the  measured  gamma  ray 
spectrum  shown  in  Figure  1.  The  model  of  this  explanation  is  illustrated  in  Figure  5.  During  the  measurements,  the 
shaping  time  (q)  is  typically  1-2  psec  and  is  comparable  to  the  hole  lifetime  %  In  a  detector  without  conduction- 
type  inhomogeneity,  the  holes  generated  in  a  distance  of  4(4)  =  p^qE  from  the  cathode  are  collected  within  the 
shaping  time  after  receiving  a  gamma  ray  photoa  However,  in  a  detector  with  networks  of  p-domains  in  n-matrix, 
many  holes  are  collected  by  first  drifting  from  the  n-matrix  to  branches  of  the  p-domains,  and  then  to  the  cathode. 
Since  in  the  p-type  networks  the  holes  travel  through  zigzag  channels,  and  the  maximum  hole  traveling  distance  is  4- 
(q),  the  holes  that  can  be  collected  in  the  shaping  time  t,  after  a  gamma  ray  photon  reaches  the  detector  arc  then  in  a 
distance  of  4'  from  the  cathode,  which  is  shorter  than  the  distance  of  4(4).  As  a  result,  detectors  from  CZT  9294 
collect  much  less  holes  in  q  than  a  homogeneous  detector  docs  in  the  same  time  period,  and  will  consider  the 
incident  gamma  ray  to  have  a  lower  energy  than  it  actually  has.  Furthermore,  in  the  following  shaping  time  periods, 
even  if  there  is  no  incident  gamma  ray,  holes  generated  by  the  original  gamma  ray  in  the  area  beyond  the  distance  of 
4'  from  the  cathode  are  still  collected  through  the  p-channels.  As  a  result,  when  a  detector  from  CZT  9294  receives 
122  keV  gamma  ray  photons,  the  electronics  does  not  register  single  gamma  ray  photons  with  this  energy.  Instead, 
it  registers  a  number  of  low  energy  gamma  ray  photons.  Thus,  Figure  1  curve  is  formed  and  no  characteristic  S7Co 
peak  is  observed. 

The  relationship  between  4'  and  4(q)  can  be  approximated  by  considering  the  averages  of  these  parameters. 
Assuming  /p  is  the  average  distance  the  holes  travel  in  the  p-channel  in  q,  then 

4' 4  (1) 

where  a  is  a  constant  less  than  1.  Let  E'  be  the  average  electric  field  in.  the  p-channel  along  the  velocity  of  the  holes 
and  E  be  the  electric  field  in  Figure  5(a),  then 

E'  =  aE  (2) 

Substituting  4=>pht,E'and  Eq.2  to  Eq.l,  and  use  4(4)  =  Pht,E, 


4'  =  0*4(0  (3) 

Since  the  orientation  of  each  branch  of  the  p-channcl  is  random,  the  average  orientation  of  l9  can  be 
approximated  to  be  45®  from  the  orientation  of  4',  and  a  becomes  cos4S°.  Then,  Equation  (3)  becomes 

4' =  4(0/2  (4) 

In  homogeneous  CZT  detectors,  most  of  the  holes  contributed  to  the  122  keV  peak  in  a  Co  spectrum  arc 
generated  and  collected  in  the  region  within  the  distance  of  4(0  from  the  electrode.  Now,  in  the  inhomogeneous 
CZT  detectors,  these  holes  are  still  generated  in  this  region,  but  they  will  be  collected  in  two  consecutive  shaping 
times  because  of  Equation  4,  Therefore,  it  is  expected  that  in  the  spectrum  of  inhomogeneous  detectors,  the  "Co 
122  keV  gamma  ray  will  register  near  61  keV.  And  this  is  exactly  what  is  observed  in  Figure  1.  Naturally,  for 
different  degree  of  inhomogencity,  the  57Co  peak  will  shift  accordingly. 

The  model  described  by  Figure  5  presents  the  hole  “trapping”  effect.  By  the  same  argument,  the  “trapping” 
effect  applies  to  electrons  too.  Here,  Figure  5  discussed  the  “trapping”  mechanism  by  the  extended  routs  for  holes 
and  electrons  to  travel.  Another  massive  trapping  mechanism  in  the  p/n  inhomogencity  is  the  trapping  of  carriers  by 
isolated  potential  wells,  which  can  be  easily  understood  and  doesn’t  need  to  be  elaborated. 
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<b) 

Figure  5.  Modeling  of  gamma  ray  spectral  response  by  CZT  detectors 
In  (a)  homogeneous  condition,  and  (b)  inhomogeneous  condition  with 
p-networks  in  n-matrix. 


4.  SUMMARY 

In  summary.  Spectrometer  grade,  room-temperature  radiation  detectors  have  been  produced  on 
Cdo.soZtVuoTc  grown  by  the  low-pressure  Bridgman  technique.  Small  amount  of  indium  has  been  used  to 
compensate  the  uncompensated  Cd  vacancies  for  the  crystals  to  be  semi-insulating.  The  properties  of  the  detectors 
arc  critically  dependent  on  the  amount  of  excess  Te  introduced  into  the  growth  melts  of  the  Cd0.90Zn0.10Te  crystals 
and  the  best  detectors  are  fabricated  from  crystals  grown  with  1.5%  excess  Te.  Detector  resolution  of  57Co  and 
24lAm  radiation  peaks  are  observed  on  all  detectors  except  the  ones  produced  on  Cdo9oZn0.|0Te  grown  from  the  melt 
in  the  stoichiometric  condition.  The  lack  of  resolution  of  these  stoichiometric  grown  detectors  is  explained  by  a  p/n 
conduction-type  inhomogeneity  model.  Because  of  the  lack  of  excess  Te,  such  crystals  do  not  have  sufficient  Cd 
vacancies  and  Te  antisites,  the  deep  level  species,  to  pin  the  Fermi  level  to  the  middle  of  the  bandgap.  As  a  result,  p- 
type  domains  in  n-type  matrix  or  vice  versa  arc  formed.  Such  inhomogeneity  causes  trapping  of  electrons  and  holes 
and  results  in  detectors  with  no  capability  to  resolve  radiation  peaks. 
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where-  detector  *y^tcia.-.  cojsimt  be  rejruls.rly  mfiin- 
rained,  it  ksM  K-isune  kiaensinsly  impeitr.nl  t»  pro- 
dnee  gsmma-rxy  de»cv»c*rv  thm  wquiir-  viniwfly  no 
CiwUTig.  The  CtlZnTiti  material*  haw  hnen  shown  to 
hea  viablcahamative  fcn  liquid  ailrujarn-cixilvd  Gc-as 
well  ox  Mai  and  ffpl  d*-tecii>r.<  fetr  curtain  gan:ir.a-ru,V 
;'Ei:il;rwtionx.  Its  high  r  value  osupled  with  a  great tt 
elltnurwy  makes  tt  a  liottar  chwice  for  stnall  s.i7.n  sys¬ 
tem*  t2:al  lequiie  giJud  rt-siilotion  Hirtt*«tlh<nst.  the 
years,  different  merhois  Have  ly>»ro  used  to  grow 
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CdTu-husvd  crystals.  Airhou^l:  the  Uiw-p'i-isuti-, 
vp ! ;iea J - B ridyeman  growth  ntethod  had  hvn  smrd 
very  unif  y  op .  it  ho*  Keen  rephiwd  In.-  a  hi  |th.  pri-sstin* 
vrwnr  as  the  prin.irv  mu-.hixl  in  the  l:isl  decade, 
lie  11';.*  und«r:;tr»uung  ofthit  malt-riul  prauurtie.l  iui 
origin  of  elt'rtrical  properties,  u  key  pioducio 
liigh-qualiSy  eo*s4al>  fif  detector  opplicqiions.  has 
prom  pi  i'H  a  revival  of  the  csiY&icr  icrow-th  pnnrr-ss.  In 
this  paper,  th*-  \1.M.hl1jty  of  the  lew-pressure  verticil- 
Tlridgm an  technique:  is  dematir-t rated  with  enplmsi'! 
on  iir.it'iinnsly  .mti  repnuluciivillty. 

KXVKUIWKNTAI. 

Seven  CtlZnTc  hauler  wit  h  JO’S  zine  were  grown 
using  a  low-pressure,  vtitii!R|-lkideiti,in  tei  hni^uc. 
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Excess  tellurium  wn=  plso  incredHrpd  in  the  nmtrant 
c-r  1.5%  to  provide  Te-rieh  conditions.  as  troll  its  a 
small  funotutt  of  indiem  doping.  The  purroso  i?T  the 
excess  To  and  On  doping  is  discussed  in  thernrvi  «r- 
don.  The  crystals  were  cut  alone  the  diameter  and 
screened  fcr  high  resistivity  and  conductivity  type. 
The  amdiictivity  typo  vhir  determined  by  separably 
npplymg  gold  a  nr  I  indium  sniitidlisation  on  the  crys¬ 
tals  ana  siccing  whirl i  ef  the  aintiiets  had  tlse  least 
resHtatwe  The  resistivity  wa*  determined  from  re- 
sista  nee  mea-xtiTtment*  fnfcen  Irim  a  current-  village 
test  station  at  bwv  o  nd  high  voltages.  Oners  the  wafers 
were  wlishod,  they  were  snib*0<l*B*dly  diced  into 
4  iiii'ii  k  4  mm  squares  with  a  nominal  thirl; ness  of 
2  nim.  SLiuL'hiforvv.nd  passivation  was  smiTicd  ant 
u-nnp  a  hydrejti-n-wrrjwde  solution  at  room  letnivm- 
tnn-.  T3s»  resistivity  of  the  individual  detectors  wap 
used  for  the  wafer-ufta  pping  data.  Once- the  fabrication 
was  completed,  r;idi.-iti:>n  spectra,  were  obtained  is  sing 
aiAm  tmd  sources.  The  sjxsct  mm  was  obtained 
nn  n  IJftA-UJtW  DSP-sysivni  (hun  Canberra  Industries 
f:\leTirtcn.  <.m,  Feuri«’,  tr;msf«irni  infrared  {FTIR( 
measurctnents  ns  wr.ll  as  in  fra  red  tIRt  imaging  were 
ca '  'i  e<l  out  to  deterrni no  bulk  pnta>  -rt.ies  ns  well. 

RESULTS  AND  DISCUSSION 

Origin  nf  High  Resistivity 

In  an. earlier  paper.  Chu  et  al, 1  miggestad  that  the 
ileup- donor  lovt-l  responsible  for  the  hirgh-cesfetivity 
phimomcnon  in  OdXuTe  i*  sHmt*  other  than  doubly 
iuniseil  Tn  a.nliintea  (To  .it oris  in  CM  site?.).  Based  on 
this  model.  the  iT-ndratiOn  type  of  CdZnTe  crystals  is 
determined  hy  the  resullisig  cuiri pensrilirMi  between 
the  shaitow  dnnnrs  of  lb  nnii.-nlus  and  the  .dial  law 
accrptnrs  of  Cd  vacancies,  as  shown  in  Fig.  1,  Hlgh- 
rnsistjvitv  OHZn'lb  crystals  an-  then  priyiuimd  by 
WBipensritlnj;  the  p-lypts  crystals  with  indium  icmm- 
rily  at  a  low  doping  of  1  5  x  10*  ewr\  (’sing  lilts 
troda!  and  a  hftticr  understanding  of  the  defects  in 
(xlSWTb.  the  crnjtgl*  wore  grown  undtrr  excess  Tit 
with  ji  !•  >w  arasenl  ai‘  indium  Ui  pjwrktis  the  I?*w 
n-typii  cnricvnt  ration  noeessary  far  high  rissistivity, 

Hcprarlncihility 

Table  I  lists  si  won  crystals  tliat  wore  grown 
using  the  Same  doping  Uwtds  and  similar  grow  th  con¬ 
ditions.  All  of  the  crystals  shewed  n-type  character - 
istirs  as  di-1i'rruinre:  hy  the  method  deseriht-d  pre- 
vkmsly.  hVnir  i>f  this  crysiliils  shewed  resistivities  mi 
thr  order  nf  W®  tl'crsi  nr  greater.  While  n not her  two 
cvhi’r.iifd  lower  resistivity  nf  mid-tcelow  I (f  U-aii. 
IJnwewtr.  anr.tlvrr  crystal  -ditiWMl  much  poorer 
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eloririnnl  preperties  nnd  was  «frt  characterized  in 
dotsiil  Ueritieif  liacr  :>iaL  of  ?cvt.o  crystal  houlcs 
showed  high  TossstHity,  it  demnnsirates  vsry  ^<w>d 
ropi otititilhi liCV  considering  the  i'.iw  arr.nnnt.  of  Qtip- 
iivj  present  to  cmr>i»o«nie  for  the  net  rcmrentriiLiisit 
uf  Cd  vncnnctes.  T*  ‘inti sites.  Rod  other  impurities. 

Uniformity  Mciimrcmnnl 

Altmi:  the  Vcrttca/  Dirvxtiwi 

Resistivity  tnonsurements  along  the  IccrJh  of  die 
lioule  show  cor.siitently  low  v.ilye-.  at  hr-th  ends.  The 
center  [Ktrt  tends  to  exhibit  the  highest  resistJMty 
values  and  the  gre.ilest  uni  for  mk>.  The  nicasuf'e- 
ments nb»>  show  three  crim'd istincl  rejBioiift  ulungthe 
vertical  length  of  the  hoale  Fi^rure  2  iilus.tre.tes  this 
result  with  Mimidistincl  n.viuiu  lalwisd  Cte  top.  nstd* 
din.  and  bcittnm.  Because  nf  t  ha  hii'li  siigregation  soef* 
fieient  <if  zinc  in  Cliffl!.  the  hnitr.jn  region  ha»  more 
nine  and  Is  ronre  p  type  than  tin?  middle  rvitlnn.  Ear¬ 
lier  expprimonts  have  s>xtw;t  that  the  addition  of  zinc 
in  C'.ITi.*  rysuljg  in  41  change  in  rlrctTirii!  pnifHWlv 
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Fig.  2.  the  ili.riir.cir.r  a  snrrctetnct  ragens  cf  CJiir7e  ciystst. 


Table  L  Reproducibility  of  Crystal  Growth  d  mo  tut  (ho  ^IwUer  Itriplng  Runs 

CttenTe  Crystal 


N’umbrr 

^!&1 

fW71 

9872 

MM 

f»ft» 

!KWP 

1*1511 

IndApItijt 

Nmahial  rerrslh’ily 

SSE« 

3  *  l(T 

2.3KI5 

5..  t<lfr 

2.SE13 

2  *  HP 

4  <  10  ‘* 

a  .Mi  15 

5  *  W 

2r>Kl!V 
■1  •  lu- 

2.f>li.LS) 
i  v  nr 
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Table  II.  Effect  of  Zinc  Concentration  on  Conduction  Tyjtc 

X  iZn  Contents} 

(Ml 

HUI4 

«.07 

0.10 

CnrKhirlr.tr)  Ivpc- 
CiUrr.vr  COIICVK 1  r;ih:i 

Nr 

1:  ill  wm  ‘•'mjiuitliiirr t‘<.Tir,i  1-If  y.  EO1 2 

K 

2-t  tO'“ 

M  or  P 

r* 

■l-n  V  KI11 

bum  a  ;ypi?  id  p  type  h.s  in  Tlfatr  II,  itni2rr  1. 1'4 
oxtrsts-Tn  nmditir.r.s.  Herr-,  it  can  be  »etei  that  the 
ttLTfc  crystal  (}.«..  no  zinc!  displays  n-typ®  bphsv.ior 
v.*9(5i  }fiW«itri*irrr/ncont.rr.t5-3n  As  theiKmmr.tafZiib 
added,  the  crystal  ■n-Oiinf?  im.r-’-asin.riy  Dln'i?  p  typo 
until  a  hlah  «nrri-?r  wtnrrtifr.il inn  is  achieved.  This  1.-. 
due.  in  part,  trara  the  drcn.vj.se  hi  Ihft  lattice  <Oi»UW1 
witSt  the  ir«m.-aie  in  sine  ciuiceat  ration  and.  as  a  ryj- 
sult.  u  |yi«sihli‘  (liv'iMsr  in  the  density  tifTa  antisitea. 
which  would  then  cause  lht<  material  to  be  more 
p  IVVte  The  FTIR  iriirimissinn  was  rUct  c.irriei!  nut  In 
illuKLrr.tc  the-  decrease  in  the  2n  OjiKtfrKitUiiMl  alon^ 
the  vortkyd  dii  «.•>.«!  of  tbe  hr-itle.  as  shown  in  Fig.  3. 
Itrsr.  the  mergy  gnp  is  extracted  Irani  tIh>  cutoff 
wawtengtii  tjf  the  hTIR  tronsntisainn  and  clearly 
»ll«*v=  .y  i.frr'rftur  in  the  bandpap  nbinst  the  Vi-rtlcul 
tiTWlbc.  This  can  be  interpreted  ts  »  liecrtnay  in  7.1} 
c'u'«rrnit<*ijiii)  bcet>t!i>®  the hnndpi  p of 7nTe  is  ijrreiier 
than  that,  of  (XdTe.  The  tup-  sucUia;  is  atTcctid  by  a 
number  of  -A9rocWri?tt*t  pbfnor.iiT.n  First,  h.v.vj.ic 
Ihesrsp'rynlien  inefficient  el'indium  in  CdZiiTt'  mlw 
Ilian  cue.  h*  cwHernmnoa  tends  fa  iiwrrsiw-  rapidly 
in  the  bulk  near  the  rad  ai  the  yn-wfli.  1‘Iiie,  effect  :S 
shewn  in  Pm.  1.  when?  the  tndh*nt  wniyititra-.iiin  is 
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fig.  i  Th*»  FT'?  uMur-im-f^i  atFwtv.c  icpscr,.*  *51  tyi/jt. 


plotted  vc.'?i.i3  rhe  amount  wil  idified  for  different.  m.ar 
relation  Mirifirisyns.  The  relation  used.  w  Inch  f*s- 
sumr9(«vinip!e:«  huinoiiMivity.  ts  given  Uv 

C.  =  luC..tJ  -  X>K  ' 

where  X  is  tho  ffacWft  of  liquid  solidified.  It,,  is  tht- 
creifirienr,  <X,  is  the  oiiKvm ration  in 
.-olid,  and  tJj  is. lay  isitinl  irepnrity  ronct'ni ration  in 

Jhiuiil. 

A  st-p-'  T-ni'  ’ti  ptudScrur  t  uf  i.-  u.H*ti  lor  1  hr  dop¬ 

ing  vslc.t  lafiwis  for  the  crystal  im  oirth.  It  c::n  he  scon 
ihiW.ijie  teniun  rra  nttntration  i  niTtsees  by  muati.ly  0 
factor  of  ahintt  in  the  m  idtHc  tr'Psi  of  ih  rrysin  1 
attd  i  iw«  «t*s  rfijn  dly  nisir  f  hc-t?ui,  wit  ich  i»  t  tefi  «i  l't*cl 
of  n  low-ri^«gal:en  c'-».>lfti,k*«il.  This,  inrpwisc  iji  ihr 
nrifale  jr-rusn  is  not  iv-ry  lar[y  i-r>n:idrrir.:>  the  doping 
level  v. r.fcin  LlieCd2n’fo  ci-yst.il. hut  itoneilick-'',  it  is 
-lil)  thy  re  Second.  *hr  raiji»h»>r«'fTr  prorfpii.itcs  in- 
CTtvisft*  nc-.ar  the  end  **T the  growth,  anil  :•.?  «  lewult. 
the  potev-nr  of  m snsit-ii  i^ioti  deonv»<os,  os  shown  in 
Fig.  3.  Hor.acsr  we  have  h»»en  routinely  using  tians- 
jutsrion  totOstitv-menM  far  i.htM isands  a:  suhtOniins 
far  Hi  detectors  over  I  he  wjra.  lhb?:KEtls^l  very  re- 
liobltr  after  choio  iral  ly  p.iii =Hn^; liiir  itntounl  of  nu 
teri.il.  Altl'-.iuyii  it  does  rial  quaittifr  llte  li'VOl  of  T« 
pr«lpitAtiM.H  dnrs  pvr  »  eli-ur  indii-srinn  «:  the  rel 
arivr  aitiourits.  This  inn»am.*  hi  tile  intlusioti  of  *ht* 
Tv  prvdjnuitos  h;m  thy  effei;t,  of  inrrrasin^  liui  ci-t.ypi: 
rnr.jvnc rotien.  As  stated  earlier.  Uterine cuncvoim* 
lion  boa  «i};-n  doi-roa -*d  5n  this  I'CJpon  hut  cr.nrini 
Cf>mprit'Uile  fur  (he  detriment  ill  eflerl  af  the  large 
quantity’ ol’Tv  prccipitntes. 

Aln>v}  f,*Vc  JUpiiwMJftrf  D/r<v.'iVir.' 

The  <ir,*iati'-tn  .it: mss  the  sliced  wafer,  however,  m 
much  more  ntiitcni:.  as  shown  in  Fitfc  8-9,  far  the 
three  ditfarop'  <:'>■=  fuk  llcrr.  the  ctids  nn  the  crys¬ 
tals  iudiente  fJheind.iridus.1  detcctoi-s  that  9>  dievsi, 
arid  tin:  tJevio.M  pro  snionj?  the  ones  tesli-d. 

It  ram  hr  seen  that  im  ihese  chiiiactei'.i!i*<l  veafars. 
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tb'  n»-  •*"  vitv  »  c:»n5*rfii*rr  .  i*»l  v;i:*iin  •■:.  ;hr*n 
art  inter  of  itM- 1**  fo-oi  dit  dx-  <>:» 

P»kI  r*:*frr  ^aini.  tSir  rrvjxii*.  .1  v  i*  T 

lit*  t^crr.  S.rne  »  r  thv  vtin.tti«n  ar«r>na  !*»*■  »*ir* 

brviikHiu*.  r  vflks'X*.  whcTP  ‘•/■nir  <i:Yip(cs-  *V»w  J 


bft'iud'  v.-n  :«f  while  rfK«r  •  a- 

hut*!  h'-wiAii-  vm  \t.h*rr*  rr  irf*  jrvsirnr  ih.vn  u‘ir  V 
«rj.4  “.v"  1  A»jr  V  Tf»»  hiii'rtkrli.v.n  vrft  ri •- 

an  %h>  »ti3dvv.  rcn.*u*M  ?f  *!»•  o.irto  curr~i* 
mImay  ."j  Tw*  .  .'rt.in«  n  Ik*  -w  •  *:f *•:!  t#. 
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surfsct  omdui'-in-  hi.sauise  the  surfoce  po«,'vnri<i»i 
was  not  : -ptiini?.1 i.  On  the  other  hand,  the  bulk 
props  rtii--:  itltj  also  .iffert  the  su if are  State  and.  ulti¬ 
mately,  thr  aurfnce  passivation. 

The  spertra  obtained  -n  irr.  thr.M*  (Httil  s.im  pi  si¬ 
re  veal  the  r-PIvt  of  thin  rr-i-t  ivtv  r.n  pr-rTnrrnance. 
where  die-  w">h  rr-si  stiviTic*  on  order  of  ’  i)-m 
and  gre-at;*  sh  -\v  gur-i  spectra  I  resolution  st  mr-m 
ttrnperaturc.  as  shown  in  Fig*.  §  and  7  liar  the  two 
different  crystals.  The  Cd  and  Te  escape  peaks  as 
as  the  diaractc-nstic  low -energy  peak  of  il.t- 
Aui  is  dearly  revealed  frutr.  these  detectors  with 
rosisHvil  n-;  yrr.atr-  than  1  R9  li-rrn.  Hm-atct  Lhi-sr 
duso  (M-aks  are  rivnvoliited  far  devices  with  n-iistiv 
ity  values  trust  ~rr-  Irr®  than  -  I  V.'A  O-rm  at;  shown  in 
Fig  S  for  the  othe-  r>  -ual.  These  results  are  corsis- 
tenr  9  rr  eng  many  -  ampler  tested.  Similarly,  the  t-‘C» 
data  shrxv  Higher  resolution  of  the  122-teV  peak  Par 
d.".  let*  st  that  are  greater  than  10'  f!-cn>.  It  is  unclear 
where  the  threshed  for  good  spectra  lies,  however, 
the  results  indicate  that  dies  crown  under  similar 
ri .ndif-nns  with  nwis-ival'p-;  yn-a'cr  than  ]{f~  ii  cm 
and  with  c  break  dew  r  vn’rav,-  y-.v.tor  than  §00  V 
.Vi’’  most  likely  vivid  hotter  drfcetnr* 

It  is  aUt  evident  tbs*  thr  different  grains  denotol- 
’•vavs  result  hi  different  performance  characteristics. 
a»  illustrated  from  the  previously  mfiitkiJtedfifrifes. 
For  etumpie.  crystal  3S72  and  P.9SM  «x:<ibi!  idrr.ln.  .il 
pr-rfermanre  to-  dies  fmrr  different  yrainS.  Yet.  ltys- 
Ml  <^>71  «h-  '.vs  - ,  -n -1  difference  in  tvsish  vil  v  between 
till  tw:-yri-..iVs.  HOWM'ST.  MOTO  dfit-3  must  fee.V'rsCtCtl 
from  these  export  me  ni>  tit.  fully  under  stand  and  make 
any  CR-rrrti;  predict  inns  on  this  iT.rrekrtuni. 


Bulk  Properties 

Kip  ires  0  and  lit  show  stpr.al -inlet isily  maps 
within  a  sirgb?  detertcr,  where  a  Co  spot  .senna-  was 
used  to  incrementally  map  the  device  ,-re— •  O  n  mm 
The  enter  edges  behave  ..n  infinite-trap  cetr.ers.  and 
as  expected,  exhibit  poor  perfeirmarre  and.  thus, 
haw  a  low  nuntln-r  of  counts  at  the  122-ktV  energy 
peak,  The  center  and  outer  areas  ::i  the  detector  m 
Hig  9  show  very  gi*:  d  •inife'fiiily.  While  till;  detector 
shown  in  Fig  lO  ifisplfiys.  nnminiftirm  rhararferistics 

near  a  crimer  of  the  outer  vc*tnoii.  This  can  he  duo  to 
-.r-nie  Te  ptycinitet-'s  within  detecto''.  as  shown 
in  an  LR  irruu-j  of  a  w.'ifsr  slice  in  Fig.  II.  The  small 
'lurk  spot  On  die  wafer  illustrates  the  likelihu;  -:!  of  a 
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Distribution  of  the  High  Resistivity  Region  in  CdZnTe  and  its  Effects^  7 
on  Gamma-ray  Detector  Performance  ' 

S.  Teiterian,  M.  Chu,  and  D.  Ting 

Fermionics  Corporation,  Simi  Valley,  CA 

ABSTRACT 


The  effect  of  the  location  of  the  high  resistivity  region  on  gamma-ray  detector  performance  within  tne  crystal 
boule  is  investigated  for  10%  zinc  with  1.5%  excess  Te.  By  varying  the  indium  doping  concentration  in  several 
CdZnTe  boulcs,  the  region  of  high  resistivity  is  seen  to  move  along  the  vertical  length  of  the  crystal.  The  variation 
of  the  zinc  concentration  within  the  crystal  boule  is  compared  with  the  location  of  the  high  resistivity  region  along 
the  length  of  the  crystals.  The  concentration  of  zinc  is  extracted  from  FTIR  measurements,  and  the  segregation 
coefficient  is  calculated  using  data  obtained  from  the  CdZnTe  crystals.  The  zinc  distribution  is  plotted  in  terms  of 
the  location  along  the  crystal  length  in  order  to  correlate  the  concentration  with  detector  performance.  Radiation 
spectra  obtained  from  the  122KeV  gamma  rays  using  a  S7Co  source  reveal  a  strong  dependence  between  detector 
performance,  and  the  relative  location  of  the  high  resistivity  region  within  the  crystal.  Initial  results  suggest  that 
there  are  three  semi-distinct  regions  along  the  length  of  the  boule  that  give  very  different  characteristics,  where  it 
can  be  said  that  the  best  detector  performance  is  in  the  middle  region  with  a  6  %  resolution  of  the  122KeV  peak, 
which  is  quite  good  for  test  detectors  without  a  guard  ring  such  as  these.  It  is  determined  that  this  middle  region  has 
a  zinc  concentration  of  -9-11%,  which  varies  slightly  from  the  original  concentration  of  10%.  The  differences  in  the 
performance  characteristics  is  discussed,  and  defect  distribution  within  the  crystal  as  the  main  source  of  the  variation 
is  suggested.  Also,  based  on  the  results,  it  is  believed  that  the  role  of  indium  is  essentially  to  compensate  the 
vacancies  in  the  crystal,  and  therefore,  secondary  to  the  crystalline  properties  and  impurities  within  the  boule. 
Overall,  it  is  believed  that  crystalline  defects  and  inclusions  play  a  greater  role  in  determining  the  performance 
characteristics  of  CdZnTe  radiation  detectors. 


Keywords:  CdZnTe,  Bridgman  Growth,  Single  Crystal,  Gamma  Ray  Detectors 


1.  INTRODUCTION 

Over  the  recent  years,  increasing  interest  in  the  area  of  un-coolcd  gamma-ray  radiation  detectors  has 
occurred.  Most  recently,  a  serious  need  is  seen  in  sensitive,  low  cost,  and  portable  detectors  for  homeland  security. 
Although  CdZnTe  is  a  prime  candidate  that  possesses  most  of  the  qualities  sought  today,  it  has  fallen  short  of 
expectations  due  to  poor  yield  emanating  in  part  from  defects  and  trap  centers,  especially  for  medium  energies  as  the 
122KeV  peak  of  a  57Co  source.  Therefore,  in  order  to  obtain  higher  yields,  it  has  become  necessary  to  better 
understand  the  chemistry  involved  in  the  crystallization  of  CdZnTe,  especially  with  the  distribution  of  the  native 
constituents.  For  gamma-ray  detector  applications,  it  is  important  to  obtain  crystals  with  high  resistivity,  such  that 
the  Fermi  level  can  be  pinned  near  the  middle  of  the  band  gap,  and  thus,  a  high  bias  can  be  achieved  before 
breakdown  occurs.  This  would  make  it  easier  for  the  photo-generated  electron-hole  pairs  to  be  collected  in  the  high 
electric  field  due  to  the  high  bias.  In  this  paper,  we  set  out  to  investigate  the  effect  of  the  high  resistivity  region  at 
different  locations  within  the  crystal  boule  in  order  to  obtain  a  greater  understanding  of  die  behavior  of  the  various 
types  of  defects. 


2.  EXPERIMENTAL 

Several  CdZnTe  crystals  were  grown  with  10%  zinc  concentration  by  low  pressure  vertical  Bridgman 
technique.  In  order  to  properly  determine  the  effect  of  zinc  concentration  on  device  performance  for  a  given  starting 
concentration  of  10%,  the  location  of  the  high  resistivity  region  was  changed  by  varying  the  amounts  of  indium  in 
the  boule  for  different  runs.  This  has  the  effect  of  changing  the  location  of  the  high  resistivity  region  within  the 
boule,  while  the  starting  zinc  concentration  is  kept  constant  from  run  to  run,  so  that  the  net  effect  is  to  obtain  a 
variation  only  of  the  zinc  concentration  along  the  length  of  the  boule. 


Once  the  wafers  were  sliced,  they  were  chemically  polished  using  a  Br-HBr-  Ethylene  Glycol  solution.  The 
zinc  concentration  was  determined  by  first  measuring  the  cut-on  wavelength  of  the  CdZnTe  wafers  using  a  Pcrkin- 
E Inter  FT-  NIR  Spectrometer.  The  data  was  then  inserted  in  the  following  equation  from  Hirano1,  which  was  derived 
from  ICP  techniques  and  verified  by  NIR  experiments; 

Zn(%)  =  289.36  -  0.33804  X(a)  ( 1 ) 

The  term,  X(a),  is  defined  by  the  wavelength  corresponding  to  an  absorption  coefficient  of  a=10crri\  We  have 
found  that  a  better  fit  exists  when  the  50%  cut-on  value  is  used  for  the  wavelength  when  covering  a  greater  span  of 
Zn  concentration,  although,  they  arc  both  very  close.  This  data  set  is  then  used  to  extract  the  segregation  coefficient 
and  the  initial  concentration  using  first  order  mass  balance  equations. 

The  resistivity  was  determined  from  resistance  measurements  taken  from  a  I-V  test  station  at  low  and  high 
voltages.  Once  the  wafers  were  polished,  they  were  subsequently  diced  into  4mm  by  4mm  squares  with  a  nominal 
thickness  of  3mm.  A  simplified  passivation  technique  was  carried  out  using  hydrogen  peroxide  solution  at  room 
temperature.  No  guard  rings  were  applied  to  these  devices.  Once  the  fabrication  was  completed,  radiation  spectra 
were  obtained  using  S7Co  sources  at  room  temperature.  The  spectrum  was  obtained  on  a  DSA-1000  DSP  using 
Genic  2000  software  system  from  Canberra  Industries,  along  wife  corresponding  pre-amplifier. 

3.  RESULTS  AND  DISCUSSIONS 


Zinc  Distribution 

The  FTIR  curves  are  shown  in  Figure  1  for  different  slices  along  a  CdZnTe  bculc,  as  well  as  a  FTIR  curve 
of  a  CdTe  wafer.  The  energy  gap  was  extracted  from  the  cut-on  wavelength  corresponding  to  the  50%  transmission. 
This  method  provided  fee  most  accurate  results  as  it  gave  the  best  fit  when  a  reference  CdTc  wafer  was  used  which 
has  a  known  band  gap  of  1 .446  eV.  Tabic  1  lists  fee  zinc  concentration  calculated  from  fee  equation  above.  It  can  be 
seen  that  the  bottom  region,  which  is  first  to  solidify,  has  a  higher  concentration  than  that  of  the  top  final  region  that 
solidifies.  This  is  because,  since  fee  segregation  coefficient  for  zinc  is  positive,  there  will  be  a  tendency  for  fee 
newly  solidified  portion  to  be  higher  in  zinc  concentration  than  the  final  solidified  region. 

The  segregation  coefficient  can  be  extracted  from  the  following  equation,  which  assumes  complete  mixing; 

C.W-AC^p)  (2) 

Where,  C,(x)  is  the  concentration  in  fee  solid  and  C0  is  the  initial  Zn  concentration  in  fee  melt,  /  is  the  length  of  the 
crystal,  x  is  fee  fraction  solidified,  and  k  is  the  segregation  coefficient  Entering  the  data  from  Table  1  into  the 
equation  above  gives  a  range  in  segregation  coefficient  between  K  -  1.25-1 .42.  This  range  in  value  is  very  close  that 
reported  earlier  by  Fougeres2,  which  had  obtained  a  segregation  coefficient  of  k=1.30  for  best  fit.  ft  is  also  in  fee 
range  of  1.05-  1.60  cited  by  Radhakrishnan3.  Table  2  lists  the  zinc  segregation  coefficient  from  various  sources. 
Figure  2  shows  a  plot  of  Equation  2  for  fee  different  k  values  that  were  obtained  in  this  experiment.  The  dashed  line 
corresponds  to  a  segregation  coefficient  of  1.34,  which  fits  the  data  somewhat  better  as  it  is  near  fee  middle  of  the 
calculated  coefficient  range.  Since  zinc  has  a  greater  tendency  to  go  into  fee  solid  phase  than  cadmium,  the  initial 
ratio  in  fee  solid  is  higher  than  that  in  the  initial  solution.  The  concentration  then  tends  to  decrease  as  the  fraction 
solidified  increases.  It  can  be  seen  that  fee  concentration  rolls  off  to  nearly  4%  at  fee  end  of  the  growth.  When  an 
initial  concentration,  Co,  of  9.5%  is  used,  the  fit  is  much  better,  as  can  be  seen  in  Figure  3.  This  could  be  due  to  fee 
post  growth  solid-state  diffusion  that  takes  place  at  fee  relatively  high  temperatures  after  fee  growth. 

High  Resistivity  Adjustment  and  57 Co  Spectra 

In  an  earlier  paper4,  the  concentration  of  indium  in  CdZnTe  was  shown  to  increase  as  the  growth 
progressed  due  to  a  segregation  coefficient  feat  is  less  than  one  in  this  material.  The  role  of  indium  is  essentially  to 
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compensate  for  the  net  cadmium  vacancies  and  tellurium  anti-sites.  As  a  result,  by  changing  the  starting  indium 
concentration,  the  location  of  the  high  resistivity  region  within  the  CdZnTc  boule  can  be  changed.  In  the  case  of 
these  crystals,  the  indium  concentration  was  varied  from  lxlO15  -  5x1 0IS  cm-3  to  change  location  of  the  high 
resistivity  region  from  die  lower  end  all  the  way  to  the  top  of  the  crystal.  For  these  crystals,  the  high  resistivity 
regions  were  on  the  order  of  5x10*  fl-cm  -  2xl010  Q-cm. 

For  the  puipose  of  clarity,  we  have  divided  the  crystal  boule  into  three  semi-distinct  regions  as  shown  in  Figure 
4.  A  typical  S7Co  spectrum  obtained  from  the  tower  section  of  crystal  that  was  optimized  is  shown  in  Figure  5. 
While  figure  6  shows  the  spectrum  of  the  middle  part  of  another  crystal  that  was  optimized  for  high  resistivity. 
Finally,  the  spectrum  obtained  from  the  top  region  of  a  crystal  optimized  for  resistivity  is  shown  in  Figure  7.  The 
detectors  produced  from  the  crystal  with  the  lower  end  optimized  for  high  resistivity  shows  a  very  poor  122KeV 
peak  which  is  barely  noticeable.  From  the  above  experiments  for  the  zinc  distribution,  we  know  that  there  is  a  high 
concentration  at  the  lower  end  of  the  crystal.  We  have  also  shown  in  an  earlier  paper,  that  a  high  concentration  of 
zinc  tends  to  produce  poorer  detector  performance.  This  is  believed  to  be  the  result  of  too  few  tellurium  anti-sites  in 
the  region  brought  on  by  the  reduction  of  the  lattice  constant  and  the  subsequent  increase  in  the  formation  energy  of 
the  Tc-anti-sitc.  As  a  result,  there  exists  a  greater  number  of  cadmium  vacancies  which  act  as  effective  trap  centers, 
and  ultimately  yield  poor  detector  performance,  especially  with  that  of  higher  energy  radiation. 

For  detector  performance  in  the  crystals  with  the  top  region  optimized  for  high  resistivity,  it  can  be  seen 
that  in  Figure  7  hardly  any  peak  exists  for  the  122  KcV  energy  of  S7Co  source.  Although,  the  zinc  content  is  a  few 
percent  lower  than  the  starting  concentration,  it  may  have  a  smaller  effect  on  detector  performance  when  other  bulk 
properties  are  carefully  considered.  Table  3  shows  data  from  an  earlier  paper5  which  describes  the  results  of  adding 
increasing  amounts  of  excess  Te  in  the  crystal,  where  it  can  be  seen  that  a  greater  amount  of  excess  Te  results  in 
poor  resolution  of  small  secondary  peaks  as  well  as  high  energy  peaks.  Too  much  excess  Te  will  also  result  in  large 
tellurium  precipitates  as  well  as  inclusions,  which  also  act  as  very  effective  trap  centers  for  electrons  and  holes 
within  the  crystal,  and  result  in  poor  signal  collection  for  the  device.  CdZnTc  wafer  slices  taken  from  this  top  region 
will  tend  to  have  lower  IR  transmission  due  to  these  tellurium  precipitates,  which  absorb  energies  in  the  for  infrared. 
This  lower  transmission  is  obvious  in  Figure  1  for  the  top  region. 

In  the  case  of  the  crystals  with  the  middle  region  being  optimized  for  high  resistivity,  we  can  see  that  the 
S7Co  spectrum  is  quite  good  as  shown  in  Figure  5,  where  the  122KeV  peak  shorn  a  resolution  of  about  5%  at  room 
temperature.  The  zinc  concentration  in  this  middle  part  of  the  crystal  boule  is  in  die  range  between  8.5%  to  1 1 .5%, 
with  the  center  being  very  close  to  the  starting  concentration  of  10%.  The  lower  part  of  the  middle  region  seems  to 
be  the  optimum,  with  a  zinc  concentration  of  about  1 1%. 

4.  SUMMARY 

The  variation  of  the  zinc  concentration  within  the  CdZnTc  crystal  boules  was  compared  with  the  location 
of  the  high  resistivity  region  along  the  length  of  the  crystals  with  a  starting  zinc  concentration  of  10%  and  1.5% 
excess  Te.  By  varying  the  indium  doping  concentration  in  several  CdZnTc  boules,  the  region  of  high  resistivity  is 
seen  to  move  along  the  vertical  length  of  the  crystal.  The  effect  of  the  location  of  die  high  resistivity  region  within 
the  crystal  boule  was  investigated.  The  concentration  of  zinc  was  extracted  from  FTIR  measurements,  and  the 
segregation  coefficient  calculated  using  data  obtained  from  the  CdZnTc  crystals.  The  zinc  distribution  was  then 
plotted  in  terms  of  the  location  along  die  crystal  length  in  order  to  correlate  the  concentration  with  detector 
performance. 

Results  suggest  that  there  arc  three  semi-distinct  regions  along  the  length  of  the  boule  that  give  very 
different  cliaracteristics,  where  it  can  be  said  that  the  best  detector  performance  is  in  the  middle  region,  especially  at 
the  lower  part  of  the  middle  region  with  a  6%  resolution.  It  is  determined  that  this  middle  region  has  a  zinc 
concentration  of  ~9-l  1%,  which  varies  slightly  from  the  original  concentration  of  10%.  Although,  the  resistivity  was 
optimized  in  the  other  regions  to  obtain  high  breakdown  voltage  for  spectrum  analysis  and  proper  detector 
performance,  the  inherent  crystal  quality  was  unchanged.  From  the  results,  it  is  very  likely  that  crystalline  defects 
and  inclusions  play  a  greater  role  in  determining  the  performance  characteristics  of  CdZnTe  radiation  detectors, 
perhaps  more  so  than  the  amount  of  zinc.  Because  the  amount  of  indium  used  to  dope  the  material  and  obtain  high 
resistivity  crystals  is  very  low  (mid  10,S  ),  it  is  unlikely  that  impurities  have  played  a  large  role  in  the  performance 


33 


of  these  gamma-ray  detectors.  However,  more  tests  should  be  carried  out  to  verify  this  assertion.  Nevertheless, 
additional  work  is  necessary  to  adjust  the  zinc  concentration  so  that  the  middle  part  of  the  crystal,  where  it  is 
believed  that  crystalline  imperfections  are  minimal,  has  differing  amounts  of  zinc  for  different  boules,  in  order  to 
determine  whether  an  ideal  concentration  exists. 
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Figure  1.  FTIR  spectrum  of  ditterent  water  slices  along  a  COL&nl'e  crystal,  as  well  as 
a  CdTc  wafer  sample. 
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Figure  4.  Three  semi-distinct  regions  of  CdZnTe. 
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Figure  5.  Radiation  spectrum  obtained  from  the  bottom  part  of  CdZnTe  crystal  boules. 
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Table  1 :  Zinc  composition  extracted  from  FTIR  measurements 


Wavelength  (nm) 

Zn  Concentration 

mrai: 

817.9 

12.9% 

0.08 

822.3 

11.3% 

0.29 

827.2 

9.7% 

0.49 

830.5 

8.6% 

0.68 

Table  2:  Zinc  segregation  coefficient  from  literature. 


source 

k 

Fougeres 

1.30 

Radhakrishnan 

1.17 

Weigel 

1.45 

Capper 

(cited  in  Radhakrishnan) 

1.05-1.60 

Table  3:  Effect  of  increasing  excess  Tc  in  the  crystal 


Stoichiometry 

(Te/(Cd+Zn)) 

1.000 

1.010 

1.015 

1.020 

1.030 

Crystal  Log  # 

9294 

9489 

9872 

9618 

9238 

Resistivity  (Q-cm) 

108 

10® 

a10® 

&109 

&109 

FWHMof^Am 
@  59.5  keV 

Not 

Resolved 

Resolved 

3.6  keV 

6.5  keV 

6.6  keV 
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ROLE  OF  ZINC  IN  CdZnTe  RADIATION  DETECTORS: 
WHY  ZINC?  HOW  MUCH? 


Muren  Chu,  Scvag  Tertcrian,  and  David  Ting 

Abstraci-CZIT  crystals  with  Zn  contents  of  0%,  10 Vo,  15%,  and  20%  have  been  grown  and  detectors 
have  been  produced.  Infrared  transmission  measured  on  the  wafers  sliced  from  these  crystals  shows  that  as 
the  Zn  content  increases,  there  is  a  reduction  in  the  transmission  toward  longer  wavelengths,  indicating  the 
existence  of  an  increasing  amount  of  larger  Te-pretfpitates.  For  producing  high  resistivity  materials,  a  higher 
concentration  of  indium  is  also  required  for  CZT  with  higher  Zn  content  Hie  best  detectors  were  produced 
in  CZT  with  10%  Zn,  while  CdTe  detectors  are  unable  to  resolve  the  "Co  122keV  peak  and  CZT  detectors 
with  15%  and  20%  Zn  display  high  noise  levels  at  energies  below  this  peak. 

The  above  results  are  explained  by  a  model  that  the  role  of  Zn  in  CZT  is  to  reduce  the  density  of 
Teed,  to  increase  the  density  of  Vc*  and  to  enhance  the  diffusion  rate  of  Vca  The  higher  amount  of  Te- 
predpitates  in  CZT  with  more  Zn  is  caused  by  the  rapid  merge  of  Vo  through  fast  diffusion  of  Vc*  Because 
of  the  trapping  by  the  Te-predpitates,  detectors  fabricated  on  CZT  with  10%  and  20%  Zn  are  inferior  to  the 
10%Zn  CZT  detectors.  On  the  other  hand,  CdTe  and  CZT  with  Zn  content  less  than  7%  Zn  have  a  high 
concentration  of  Teen,  VCA  and  complexes  such  as  Tecd-Vcd  and  Teo,(VCd),  which  are  also  trapping  centers. 
As  a  result,  the  detectors  fabricated  on  these  crystals  are  also  inferior  to  the  10%  Zn  detectors.  The  optimal 
Zn  content  for  CZT  grown  using  our  technique  is  therefore  near  10%. 

Key  Words:  CdZnTe,  CZT,  Radiation  Detector,  Defect,  Cd  Vacancy,  Te  Antisite,  Te  Predpitate 

1.0  INTRODUCTION 

CdZnTe  (CZT)  detectors  have  been  used  for  many  applications  in  recent  years'  and  tremendous  efforts 
have  been  directed  to  improving  and  to  understanding  CZT  materials.1*7  Two  interesting  questions  arise  regarding 
using  CZT  instead  of  CdTe  for  producing  room  temperature  detectors:  (i)  how  does  Zn  improve  the  detector 
performance,  and  (ii)  what  is  the  optimal  Zn  content  for  producing  the  best  detectors?  This  paper  attempts  to  answer 
these  two  questions  using  a  model  involving  native  defects  of  Cd  vacancies  (Vqj)  and  Te  antisites  (Tec*  Te  at  Cd 
sites).  In  Section  2,  the  basic  theoiy  of  evolvement  of  Vu  and  Teca  in  CZT  is  presented.  Section  3  describes 
experimentally  and  theoretically  how  the  evolved  defects  affect  the  properties  of  CZT  materials  and  detectors. 
Based  on  the  above  results  and  discussion,  a  model  is  proposed  in  Section  4  to  answer  the  above  two  questions. 
Finally,  the  findings  of  this  paper  are  summarized  in  Section  5. 

2.0  THEORY  ON  DEFECTS 

In  References  2  and  6,  it  was  shown  that  CdTe  and  CZT  grown  with  1%  or  less  excess  Te  using  the 
Bridgman  technique  have  residual  Cd  left  in  the  growth  quartz  crucible  while  the  crystals  grown  with  1.1%  or  more 
Te  excess  have  residual  Te  left.  This  phenomenon  indicates  that  CdTe/CZT  can  accommodate  1%  or  more  excess 
Te  at  growth  temperature.  In  Reference  2,  it  was  also  demonstrated  that  with  1.1%  or  more  excess  Te,  the  as-grown 
CZT  with  a  Zn  contents  less  than  7%  are  p-type.  This  indicates  the  crystals  have  more  Tcqj  than  Vqj  at  room 
temperature.  But  under  the  identical  growth  conditions,  CZT  with  Zn  contents  over  7%  arc  p-type  because  of  more 
Vqj  than  Tec*  At  room  temperature,  the  concentration  of  Tecs  and  Vqj  are  on  the  order  of  1 0’5  to  1017  cm*3. 

Based  on  thermodynamics,  under  equilibrium  conditions,  the  concentration  of  any  point  defect  at  any 
specific  temperature  can  be  written  as 

Q  =  Qj  •  cxp(-  Ej/kT)  (1) 

Where  Co  is  partial  pressure  dependent  but  temperature  independent  constant,  E,  is  also  a  partial  pressure 
dependent  defect  formation  energy.  Using  this  equation,  the  dynamics  between  the  defect  species  and  densities  at 
growth  temperature  and  those  at  room  temperature  can  be  described  by  the  following  simple  model  based  on 
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Cdo.9Zno.1Te  grown  with  more  than  1.1%  excess  Tc.2  As  shown  in  Figure  1(a),  Vca  and  Tecd  arc  the  dominant 
defects  at  CZT  growth  temperature.  Each  Va  is  counted  as  one  excess  Tc  atom  and  Teat  is  counted  as  two  excess 
Tc  atoms.  The  densities  of  these  defects  are  on  the  order  of  lxlO20  cm'3.  According  to  Eq.  (1),  the  densities  of  these 
defects  will  be  reduced  during  the  post-growth  cooling  period  from  growth  temperature  to  room  temperature.  Since 
Tecd  is  not  a  mobile  species,  it  is  reasonable  to  assume  that  the  diffusion  of  Vc*  especially  through  Zn  sites, 
dominates  the  process  of  reducing  the  densities  of  both  Teca  and  Vca- 

If  during  the  cooling  period,  the  equilibrium  condition  is  not  maintained  and  VM  is  not  allowed  to  diffuse 
out  of  the  CZT  crystals,  the  resultant  defect  species  will  be  similar  to  those  shown  in  Figure  1(b).  Some  of  the  VCd 
will  form  defect  complexes  with  Tcca  to  form  defect  complexes  such  as  TecafVcn)2  and  Teca(Vcii)-6  The  other  VCd 
will  merge  together  to  form  voids  with  Te  precipitates  inside.  The  size  of  the  Te  precipitates  can  vary  from  sub¬ 
microns  to  tens  of  microns. 

In  principle,  if  the  post-growth  cooling  is  kept  in  equilibrium  with  the  overpressure,8  The  defects  can 
diffuse  out  of  the  crystal  and  their  densities  will  be  reduced  from  Figure  1(a)  to  Figure  1(c)  during  the  cooling 
process.  However,  this  process  may  not  be  practical,  especially  at  lower  temperature  because  it  takes  a  lengthy 
duration  for  the  equilibrium  to  be  maintained.  The  most  probable  result  is  shown  in  Figure  1(d).  The  densities  of 
point  defects  are  similar  to  those  in  Figure  1  (b),  but  the  densities  of  other  defects  are  much  less. 

Infrared  transmission  measurement  is  a  powerful  tool  used  to  estimate  the  size  and  the  relative  amount  of 
the  Te  precipitates.  Based  on  basic  wave  theory,  a  photon  with  its  wavelength  comparable  to  or  smaller  than  the 
particle  will  be  scattered.  Therefore,  from  the  reduction  of  infrared  transmission,  the  size  and  quantity  information  of 
the  Te  precipitates  in  CZT  can  be  obtained.  For  this  paper,  the  transmission  curves  have  been  measured  on  2.Smm 
thick  CZT/CdTe  wafers  for  analysis. 

3.0  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
CZT  Crystal  Growth  and  Device  Processing 

The  1.5”  to  2.2”  diameter  CZT  crystals  have  been  grown  by  the  vertical  Bridgman  technique.  For 
consistency,  all  crystals  to  be  discussed  in  this  paper  have  a  diameter  of  1.5”  and  a  boule  length  of  6”.  For  better 
detector  property,  1.5%  excess  Te  have  been  introduced  into  the  growth  melt  for  defect  control.8  Raw  Cd,  Tc,  and 
Zn  in  7N  impurity  grade  arc  the  standard  starting  material.  Occasionally  6N  grade  materials  are  used  for  impurity 
investigation  purpose.  But  no  significant  effect  has  been  observed  between  the  6N  and  7N  raw  materials. 

In  Reference  9,  we  reported  that  the  best  section  of  each  crystal  for  producing  detectors  is  the  region  30%  - 
50%  from  the  lower  end  of  each  boulc.  Therefore,  all  of  the  detectors  produced  for  this  paper  are  fabricated  from 
this  particular  section  of  each  crystal. 

The  CZT  detectors  with  a  4mmx4mmx3mm  size  have  a  simple  planar  structure.  Au  contacts  were 
deposited  onto  the  opposite  sides  of  the  3mm  dimension  and  oxide  was  applied  for  surface  passivation.  No  guard 
ring  was  employed. 

CdTe  Material  and  Detector 

The  infrared  transmissions  at  various  sections  of  undoped  CdTe  grown  with  1 .5%  excss  Te  have  been 
measured  and  arc  shown  in  Figure  2.  The  horizontal  axis  is  the  wave  number,  which  is  equivalent  to  a  wavelength 
range  from  2.2  -  22.0pm.  Due  to  reflection  loss,  the  maximum  theoretical  transmission  is  67%.  Curve  1  represents 
the  transmission  of  CdTe  near  the  bottom  of  the  boulc.  The  fell  off  in  the  for  infrared  region  is  due  to  free  electron 
absoiption,  which  indicates  the  n-type  conduction  of  the  as-grown,  undoped  CdTe.  In  the  2.2  -  5.0pm  region,  the 
transmission  is  64%,  demonstrating  a  low  density  of  Tc-precipitatcs  in  dimensions  equivalent  to  these  wavelengths. 
Curve  2  represents  the  transmission  measured  in  the  CdTe  section  20%  -  60%  from  the  bottom  of  the  crystal  The 
smaller  fell  off  in  fer  infrared  than  that  shown  in  Curve  1  suggests  that  the  electron  density  in  this  section  of  CdTe  is 
less  than  that  in  the  bottom  region.  The  existence  of  small  Te-precipitates  can  be  visualized  from  the  reduced 
transmission  in  the  2.2  -  3.0pm  wavelength. 
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Curve  3  represents  the  transmission  measured  in  die  CdTe  section  60%  -  85%  from  the  bottom  of  the 
crystal.  This  curve  is  similar  to  the  one  in  Curve  2  except  that  there  is  no  far  infrared  fell  off.  However,  Hall 
measurement  shows  that  the  material  remains  n-type.  Curve  4  is  the  transmission  measured  on  wafers  sliced  from 
the  top  15%  of  the  CdTe  crystal.  The  reduced  transmission  indicates  the  existence  of  Te-precipitatcs  with  sizes  up 
to  10pm  and  beyond.  Hall  measurement  shows  that  the  material  in  this  region  has  a  high  resistivity. 

The  above  results  show  that  as  the  CdTe  growth  continues,  the  amount  of  excess  Te  in  the  melt  increases 
due  to  the  segregation  of  Cd;  and  more  Te  is  incorporated  into  the  crystal  in  the  form  of  Vc*  As  a  result,  during  the 
post-growth  cooling  period,  more  complexes  and  Te  precipitates  are  formed  toward  the  top  of  the  crystal  to 
compensate  for  the  Te«  and  to  reduce  the  infrared  transmission. 

Since  the  undoped  CdTe  are  n-type,2  arsenic,  which  are  acceptors  in  CdTe,  were  introduced  into  the  growth 
melt  for  producing  high  resistivity  crystals.  With  an  arsenic  dose  of  2xlOn  cm*3,  CdTe  with  a  resistivity  of  1.5xl010 
fl-cm  were  produced.  The  transmission  curves  measured  on  the  high  resitivity  material  do  not  exhibit  the  fell  off 
found  in  Curves  1  and  2  in  Figure  2.  The  241  Am  and  57Co  spectra  measured  by  detectors  fabricated  on  the  high 
resistivity  CdTe  arc  shown  in  Figure  3(a)  and  3(b),  respectively.  The  radiation  peaks  in  241  Am  can  be  observed,  but 
the  resolution  is  low.  On  the  other  hand,  the 57 Co  peaks  are  not  present  It  is  evident  feat  the  hole  and/or  electron 
trapping  is  rather  severe  in  fee  CdTe  crystal. 

Cdn  tZita  ,Te  Material  and  Detector 

The  infrared  transmission  curves  measured  on  Cdo.9Zno.1Te  are  shown  in  Figure  4.  Since  the  undoped 
Cdo.9Zno.1Tc  crystals  are  p-type,  the  free  electron  absorption  shown  in  Curves  1  and  2  in  Figure  2  are  not  found  in 
the  10%  Zn  CZT.  In  reality,  both  undoped  and  indium-doped  have  similar  transmission  curves.  Curve  1  in  Figure  4 
represents  the  transmission  measured  from  a  Cdo.9Zno.1Te  section  0%  to  50%  from  the  bottom  of  the  boule.  The 
high  transmission  from  2.2  -  22.0pm  indicates  few  Te  precipitates  in  this  wavelength  range.  Curve  2  in  Figure  4  is 
the  typical  transmission  curve  measured  from  a  section  50%  to  85%  from  the  bottom  of  the  crystal.  Slight 
transmission  reduction  is  observed  below  3.3pm,  indicating  fee  existence  of  Te  precipitates  wife  sizes  smaller  than 
the  magnitude  of  this  wavelength.  The  transmission  measured  from  the  top  1 5%  of  the  Cdo.sZnojTc  crystal  is  shown 
in  Figure  4(a).  The  reduction  in  the  transmission  up  to  20.0pm  indicates  fee  existence  of  Te  precipitates  with  all 
sizes  up  to  this  dimension. 

The  near  transmission  curves  measured  on  wafers  sliced  from  various  sections  of  fee  Cdo.9Zno.1Tc  arc 
shown  in  Figure  5.  From  the  bottom  to  the  top  of  the  crystal,  fee  transmission  decreases  monotonies]  ly, 
demonstrating  the  increasing  amount  of  fee  density  of  small  Te-precipitates. 

A  low  indium  doping  of  2.5xl015  cm*3  is  sufficient  to  compensate  for  the  residual  V&  over  Tcca  in 
Cdo.9Zno.1Tc  for  the  crystal  to  reach  a  high  resisvity  of  2xl010  Cl  em.  The  24lAm  and  ^Co  spectra  measured  by 
detectors  fabricated  on  fee  high  resistivity  Cdo.9Zno.1Tc  are  shown  in  Figure  6(a)  and  6(b),  respectively.  Both  exhibit 
excellent  resolutions  of  the  radiation  peaks.  The  FWHM  of  fee  nCo  122keV  peak  is  5.3%. 

Cdat<Znai<Te  Material  and  Detector 

Figure  7  shows  the  transmission  curve  measured  on  a  section,  20%  to  50%  from  fee  bottom  of  a  typical 
high  resitivity,  indium-doped  Cdo.ssZno.isTc  crystal.  Comparing  this  curve  to  those  measured  on  CdTe  and 
Cdo.9Zno.1Tc  in  similar  boule  sections,  the  infrared  transmission  of  Cdo.s$Zno,i$Te  in  the  2.2-1 3pm  range  is  clearly 
lower.  This  result  leads  to  the  conclusion  feat  under  identical  growth  conditions,  more  Te  precipitates  exists  in 
Cdo.ssZno.isTe  than  CdTe  and  Cdo.9Zno.1Te. 

An  indium  doping  of  3.0x1 0,$  cm'3  was  introduced  to  compensate  for  the  residual  Vo  over  Teco  in 
Cdo.9Ztio.1Tc  for  fee  crystal  to  reach  a  high  resisvity  of  1.2xl010  fl-cm.  The  241  Am  and  ^Co  spectra  measured  by 
detectors  fabricated  on  the  high  resistivity  Cdo.ssZno.ijTe  are  shown  in  Figure  8(a)  and  8(b),  respectively.  Compared 
to  the  spectra  in  Figure  6  for  Cdo.9Znq.1Te,  fee  i4,Am  spectrum  of  Cdo.s5Zno.15Tc  is  very  similar.  Furthermore,  fee 
FWHM  of  ^Co  122  keV  has  a  slightly  higher  value  of  5.9%.  The  major  difference  is  feat  the  Cdo.ssZno.15Tc  ^Co 
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has  a  higher  noise  between  the  14keV  and  the  122kcV  peaks  dne  to  the  trapping,  clearly  related  to  the  higher  density 
of  Te-precipitates. 

I 

CdatZiu  Jc  Material  and  Detector 

The  transmission  curve  in  Figure  9  was  measured  on  a  section  20%  to  50%  from  die  bottom  of  a  typical 
high  resitivity,  indium-doped  Cd0.gZn0.2Tc  crystal.  The  infrared  transmission  is  substantially  lower  than  those 
measured  on  die  three  crystals  discussed  early.  This  result  clearly  demonstrates  that  Cd0.gZn0.2Te  has  a  much  higher 
density  of  Te-precipitates  than  CdTe,  Cdo.*ZnoiTe,  and  CdagsZnotjTe.  For  achieving  high  resistivity,  an  indium 
doping  level  of  1.3xl014  cm'3  is  required.  The  CdagZitoTe  detector’s  241  Am  and  57Co  spectra  shown  in  Figure  10 
are  also  inferior  to  those  measured  by  the  other  three  crystals. 

4.0  DEFECT  MODEL  AND  DISCUSSIONS 


Defect  Model 

The  above  results  are  summarized  in  Table  1  for  analysis.  From  these  data,  the  following  phenomena  arc 
observed: 

i)  As  Zn  content  increases,  the  infrared  transmission  measured  on  the  CZT  wafers  at  a  given  wavelength  decrease 
accordingly,  indicating  a  higher  density  of  Te-precipitates. 

ii)  As  Zn  content  increases,  the  infrared  transmission  measured  on  the  CZT  wafers  have  lower  transmissions  at 
longer  wavelengths,  suggesting  the  existence  of  larger  Te-precipitates. 

iii)  As  Zn  content  increases,  a  higher  donor  impurity  is  required  for  achieving  high  resistivity,  demonstrating 
increasing  amount  of  uncompensated  acceptors. 

iv)  Among  the  grown  crystal,  the  best  detectors  are  produced  in  CZT  with  10%  Zn.  Inferior  detectors  are  produced 
in  CdTe  and  CZT  with  a  Zn  composition  equal  to  or  higher  than  1 5%. 

v)  High  S7Co  noises  are  observed  on  CdTe,  CdosjZno  uTe,  and  CdagZnojTe  detectors  at  energies  below  122kcV 
compared  to  Cdo.»Zno.|Te  detectors.  As  Zn  content  increases  from  15%  to  20%,  this  phenomenon  is  even  more 
pronounced.  A  hump  is  actually  found  in  the  Cd0.gZn0.2Te  97Co  spectrum. 

A  semi-quantitative  model  depicted  in  Figure  1 1  was  developed  to  explain  the  above  observations.  The 
vertical  axis  is  the  density  of  defects  and  the  x-axis  is  the  Zn  content  in  the  CZT  crystals.  As  shown,  foe  densities  of 
VCd  and  Teed  in  CdTe  is  on  the  order  of  IxlO20  cm'3' at  the  growth  temperature  as  described  in  Section  2.  As 
increasing  amount  of  Zn  is  introduced  into  CdTe,  the  density  of  VCd  increases  and  that  of  Teed  decreases  because  of 
the  reduction  in  the  lattice  parameter.  This  proposition  is  consistent  with  the  fact  that  undoped  CZT  is  n-type 
without  Zn  and  is  p-type  with  10%  Zn.  This  is  also  in  agreement  with  the  feet  that  the  undoped  ZnTc  is  always  p- 
type.  This  proposition  is  also  confirmed  by  a  recent  paper.*  Therefore,  the  semi-quantitative  densities  of  VCd  and 
Teed  are  plotted  in  Figure  1 1  with  Vcd  and  Teed  increases  and  decreases,  respectively,  with  the  Zn  content 

The  difference  of  the  densities  of  Vw  and  Teed  (VorTecd)  at  room  temperature  is  equivalent  to  the  electron 
density  or  the  hole  density  of  the  undoped  CZT  crystal  and  is  plotted  at  the  lower  portion  of  Figure  1 1.  Another 
critical  curve  is  that  of  the  density  of  the  Te-precipitates.  Theoretically,  Zn  atom  moves  fester  than  Cd  because  of 
their  size.  Since  the  diffusion  rate  of  VCd  is  proportional  to  the  diffusion  rate  of  Zn  and  Cd,  it  can  be  concluded  that 
Voj  is  much  more  mobile  in  CZT  with  a  higher  Zn  content.  It  is  the  fast  Vu  diffusion  rate  in  high  Zn  content  CZT 
propels  the  mergeing  of  VCi.  This  creates  a  higher  density  of  Te  precipitate,  which  results  in  a  lower  transmission  in 
CZT  as  Zn  content  increases.  Therefore,  the  curve  of  Te-prccipitates  is  monotonically  increasing  with  the  Zn 
content  in  the  CZT  crystals. 

Since  in  CdTe  and  CZT  with  smaller  amount  of  Zn,  only  small  amount  of  Te-precipitates  are  formed 
during  the  post-growth  cooling  period  by  the  merges  of  most  of  the  defects  generated  at  the  growth  temperature 
will  remain  either  as  point  defects  or  form  defect  complexes  such  as  Tea-Va  and  Teor(Vcd)2.  Therefore,  we  can 
expect  that  the  densities  of  Tcca,  Vet  and  defect  complexes  all  decrease  monotonically  as  CZT  Zn  content  increases. 

To  construct  the  curve  of  Tea  density,  wc  can  assign  a  density  of  IxlO16  cm'3  to  Tea  in  CZT  with  10%  Zn 
as  discussed  in  References  6  and  10.  Then,  the  densities  of  Tea  in  other  crystals  can  be  approximated  by  the 
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conclusion  of  tbe  above  discussion.  Another  factor  to  support  this  concept  is  die  Teed  density  at  growth  temperature 
in  Figure  1 1,  showing  a  monotonically  decreasing  Ted  density  as  Zn  content  increases.  Hence,  we  can  expect  the 
same  trend  for  the  room  temperature  Tea  density.  The  density  of  Vcd  in  CZT  is  simply  the  sum  of  the  densities  of 
Teed  and  the  measured  room  temperature  hole/electron  concentration. 

Whv  Zinc?  . 

With  the  above  discussion,  the  two  questions  raised  in  Section  1.0  can  be  successfully  explained.  First  of 
all,  CdTe  and  CZT  with  lower  amount  of  Zn  contents  have  higher  density  of  Teca  during  the  growth  than  CZTs  with 
more  Zn  content.  Although  additional  Vcd  are  introduced  as  the  Zn  content  increases,  the  density  of  Vcd  can  be 
reduced  during  the  post-growth  cooling  process  because  of  its  fast  diffusion  rate.  As  a  result,  at  room  temperature, 
CdTe  and  low  Zn  content  CZT  have  many  more  point  defects  and  defect  complexes  to  trap  both  electrons  and  holes. 
Consequently,  the  57Co  122keV  peak  cannot  even  be  observed  in  Figure  3.  Therefore,  the  role  of  Zn  is  to  reduce  the 
densities  of  these  carrier  traps. 

How  Much? 


'  However,  as  the  Zn  content  increases  to  a  certain  level,  the  density  of  Vd  will  reach  a  high  level  to  the 
degree  that  during  the  post-growth  cooling,  Via  merge  together  to  form  Tc-precipitates  form  before  they  can  diffuse 
out  of  the  crystals.  As  a  result,  the  Te-precipitates  trap  die  carriers  and  degrade  the  detector  resolution.  The  60keV 
hump  in  Figure  10(b)  can  be  assigned  to  this  effect. 

Based  on  our  results,  the  CdTe  and  Cdo.9Zno.1Te  have  poor  detector  resolution  because  of  the  trapping  of 
charge  carrier  by  Tec*  Vc*  and  complexes  such  as  Tecd'Vcd  and  Tecd(Vcd).  Cd0.sZn0.2Te  has  a  serious  trapping  of 
charge  carriers  by  Tc-precipitates.  The  high  noise  of  Cdo.ssZno.15Te  below  122keV  in  Figure  8(b)  even  shows  some 
Te-precipitates  trapping  effects.  Therefore,  CZT  with  content  near  10%  offers  the  best  detectors. 

It  should  be  noted  though  that  the  above  discussion  is  limited  to  crystals  grown  under  our  specific 
conditions.  Crystals  grown  differently  may  draw  slightly  different  conclusions  as  to  the  optimal  Zn  content  for 
producing  die  best  detectors.  The  purpose  of  this  paper  is  to  present  the  mechanism  of  how  defect  evolvement 
affects  the  crystal  material  and  detector  and  new  growth  approaches  can  be  developed  to  optimize  the  CZT  detector 
performance. 


5.0  SUMMARY 

CZT.  crystals  with  Zn  contents  of  0%,  10%, 15%,  and  20%  have  been  grown  and  detectors  have  been 
produced.  Infrared  transmission  measured  on  the  wafers  sliced  from  these  crystals  shows  that  as  the  Zn  content 
increases,  there  is  a  reduction  in  the  transmission  toward  longer  wavelength,  indicating  the  existence  of  an 
increasing  amount  of  larger  Te-precipitatc.  For  producing  high  resistivity  materials,  a  higher  concentration  of 
indium  is  also  required  for  CZT  with  higher  Zn  content  The  best  detectors  were  produced  in  CZT  with  10%  Zn, 
while  CdTe  detectors  was  not  able  to  resolve  the  ”Co  122kcV  peak.  In  addition,  CZT  detectors  with  15%  and  20% 
Zn  display  high  noise  level  at  energies  below  this  peak. 

These  results  are  explained  by  a  model  that  the  role  of  Zn  in  CZT  is  to  reduce  the  density  of  Tc^,  to 
increase  the  density  of  Vc*  and  to  enhance  the  diffusion  rate  of  Vca'  The  higher  amounts  of  Te-precipitates  in  CZT 
with  more  Zn  is  caused  by  the  rapid  merge  of  Vqj  through  fast  diffusion  of  Vc*  Because  of  the  trapping  by  Te- 
precipitatcs,  detectors  fabricated  on  CZT  with  10%  and  20%  Zn  are  inferior  to  the  10%  Zn  CZT  detectors.  On  the 
other  hand,  CdTe  and  CZT  wife  Zn  content  less  than  7%  Zn  have  a  high  concentration  of  Tec*  Vc*  and  complexes 
such  as  TeorVcd  and  Tecd(Voj),  which  arc  also  trapping  centers.  As  a  result,  the  detectors  fabricated  on  these 
ciystals  are  also  inferior  to  the  10%  Zn  detectors.  The  optimal  Zn  content  for  CZT  grown  using  our  technique  is 
therefore  near  10%. 
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Fig.  2  Infrared  transmission  curves  measured  at  various  sections  of  CdTe.  Sequentially, 
curves  1  to  4  were  measured  from  die  bottom  to  the  top  of  the  crystal. 
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(b) 

Fig.  3  (a) 241  Am  and  (b)  ^Co  spectra  measured  by  CdTe  detector. 
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Curve  1 

Fig.  4  Infrared  transmission  curves  measured  at  various  sections  of  Cdo.»Zno.|Te.  Sequentially, 
Curves  1  to  3  were  measured  from  the  bottom  to  the  top  of  the  crystal. 
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Fig.  7  Infrared  transmission  curve  measured  at  the  section  20  -  50%  from  the  bottom  of  Cdo.uZno.uTe. 
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Fig.  9  Infrared  transmission  curve  measured  at  the  section  20  -  50%  from  the  bottom  of  Cd0.gZna.2Te. 
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'Am  and  (b)  "Co  spectra  measured  by  Cdo-8Zno.2Te  detector. 
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Fig.  1 1  Qualitative  defect  model  showing  densities  of  defects  at  growth  temperature  and  room  temperature.  At  room 
temperature,  the  density  of  Te  precipitates  increases  with  the  Zn  content  while  defect  complexes  such  as  Teed- Vcu 
and  Tecd  (VCd)3  decease  as  Zn  content  increases. 
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Table  1  Summary  of  material  and  detector  characteristics  of  CZT  with  different  amount  of  Zn. 


Zn  Content 

Transmi 

ssion  @ 

Dopant 

Dose 

(cm4) 

Resistivity 

(Q-cm) 

Noise  Below 
"Co  122keV 

Hoi'll 

0% 

65.1 

65.5 

Arsenic 

No  Peak 

Hiqh 

10% 

64.5 

65.0 

Indium 

Low 

15% 

62.1 

62.5 

Indium 

ynna 

■MDfl 

Medium 

20% 

57.5 

60.5 

Indium 

15% 

Hump 

38 


DISTRIBUTION  LIST 
DTRA-TR-13-48 


DEPARTMENT  OF  DEFENSE 


DEFENSE  TECHNICAL 
INFORMATION  CENTER 
8725  JOHN  J.  KINGMAN  ROAD, 
SUITE  0944 

FT.  BELVOIR,  VA  22060-6201 
ATTN:  DTTC/OCA 

DEPARTMENT  OF  DEFENSE 
CONTRACTORS 

EXELIS,  INC. 

1680  TEXAS  STREET,  SE 
KIRTLAND  AFB,  NM  87117-5669 
ATTN:  DTRIAC 


DL-1 


